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ABSTRACT 
In subalpine forests, low light, low soil temperature, and low nitrogen (N) availability 
may co-limit tree growth. We used greenhouse and field experiments to quantify the effects of 
these factors on the growth of Picea engelmannii and Abies lasiocarpa seedlings from the 
subalpine forests of British Columbia. For approximately 500 nitrogen fertilized and unfertilized 
eight-year old planted seedlings from shelterwood, patch cut, and clear-cut stand treatments, 
growth was examined as a function of soil temperature, light, and stand treatment. In a 
greenhouse, growth and photosynthesis were examined at root temperatures representing the 
range of field growing season temperatures (5, 10, and l5°C). Fertilizer effects on diameter 
growth in the field were not significant indicating that the seedlings were not N limited. In 
multiple regression, temperature and light (both partial p<O.OOOl) combined to explain 55% and 
42% of the variation in diameter growth for P. engelmannii and A. lasiocarpa, respectively. 
Picea engelmannii was more sensitive to low soil temperatures than A. lasiocarpa as jndicated by 
1) the steeper slope of the growth versus temperature response in the field, and 2) two times 
greater Relative growth rate (RGR) at l5°C than 5°C root temperature in the greenhouse 
compared to similar growth rates for A. lasiocarpa at all three root temperatures. No significant 
effect of soil temperature on net photosynthesis was observed in the field measurements. 
However, results from the greenhouse study show that net photosynthesis was limited over the 
range of the temperature treatments. Light-saturated rates of net photosynthesis for P. 
engelmannii in the l5°C treatment were 1.3 and 2.5 times greater than rates in the 10°C and 5°C 
treatment respectively. In high elevation areas, light and soil temperatures covary and strongly 
limit seedling growth such that seedlings growing in partial-cuts could be considered limited by 
both light and temperature. Growth, root development, photosynthesis, and foliar N 
concentrations of seedlings were all affected by their proximity to residual mature trees, and 
especially for P. engelmannii seedlings. These responses have significant implications for efforts 
to reforest partial-cut areas in subalpine forests. 
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1.0. INTRODUCTION AND OBJECTIVES 
The Engelmann Spruce-Subalpine Fir (ESSF) zone is an area of high elevation forest 
·situated between the alpine tundra and lower elevation forests (Coupe et al. 1991 ). This 
biogeoclimatic zone covers 14% of British Columbia' s land area and is dominated by two tree 
species, Engelmann spruce (Picea engelmannii ex. Engelm. Parry) and subalpine fir (Abies 
lasiocarpa (Hook.) Nutt.). Extensive harvesting of these areas in B.C. has begun only within the 
past two to three decades (Eastham and Jull 1999) and has for the most part consisted of clear-
cutting. However, increased public awareness, poor regeneration success, and recognition of 
other forest values (Lloyd et al. 1997) have led to the evaluation of alternatives to clear-cut 
harvesting. 
The climate of the ESSF has been described as harsh and marginal for tree growth (Butt 
1990, Farnden 1994, Vyse 1997) as regeneration growth rates in these areas are very slow. 
Because of this, early attempts at regenerating clear-cuts often failed (Butt 1990, Farnden 1994). 
However, significant improvements in regeneration establishment in these areas has resulted from 
progressing experience in site preparation, improvements to seedling culture, and proper stock 
type selection (Butt 1990, Farnden 1994, Vyse 1997, Eastham and Jull 1999). Most of these 
improvements apply only to regenerating clear-cuts. There is currently little understanding of 
factors limiting successful regeneration in the ESSF under partial-cut systems (Smith 1974, 
Mather 1991 , Jull et al. 1996, Jull and DeLong 1996). 
At high elevations, the main factors limiting plant growth are the short growing season, 
low air and soil temperatures, and, perhaps, low nutrient availability (Grime 1979, Chapin 1983, 
Korner and Larcher 1988, Weih and Karlsson 1997). It is well known that light availability 
affects many plant processes (Parent and Messier 1996), and in forest understories, light is 
generally considered the main physical factor influencing growth and survival of tree seedlings 
and saplings (Pearcy 1983, Canham 1988, Pacala et al. 1994, Walters and Reich 1996). In both 
high-latitude and high-altitude environments, light and soil temperature covary strongly (Junttila 
and Nilsen 1993), creating a complex situation where one or both of these factors may strongly 
limit plant growth either directly or indirectly (Chapin 1983). The variation in the distribution of 
residual trees in partially-cut stands diversifies the individual microenvironments of seedlings 
growing in the understory. Understanding the effects of various levels of canopy retention on 
understory environments may help in predicting regeneration potential, as well as defining the 
optimal level of canopy removal. Furthermore, the influence of the availability of several 
resources and their interactions on whole-plant physiology and growth of seedlings in high 
elevation systems has not been previously investigated. For example, much research has focused 
solely on the effects of cold soil on leaf gas exchange rates (Smith eta!. 1984, Smith 1985, 
DeLucia and Smith 1987, Day eta!. 1989). For this reason, we lack a holistic understanding of 
the linkages between whole-plant carbon balance (including photosynthesis and biomass 
distribution) and multiple growth-limiting factors at high elevations. 
In order to implement partial-cut systems at high elevations, we need a proper 
understanding regarding suitability of the microenvironment for seedling growth created by these 
systems. In this study, we predict that seedling growth in the ESSF is co-limited by multiple 
factors including low light, low nitrogen availability, and cold soil temperatures. We further 
hypothesize that a residual canopy overstory limits growth by decreasing not only light, but also 
soil temperatures, and that low soil temperatures can both decrease growth directly and through 
their effects on nitrogen availability. The objectives of this study were: 1) to quantify the effects 
of residual canopy density, within and among the silvicultural treatments (shelterwood, patch-cut, 
clear-cut) on soil temperature, light, nitrogen (N) availability, and seedling growth, 2) to quantify 
the relative limitations of light, nitrogen availability, and soil temperature on seedling growth, 3) 
to determine if tree seedling growth in the ESSF is predominantly light, Nand/or soil temperature 
limited, and 4) to assess the implications ofthe obtained results for the choice ofsilvicultural 
systems in the ESSF. 
We examined growth, photosynthetic rates, and biomass allocation of two shade tolerant 
species, Engelmann spruce and subalpine fir, as a function of light, nitrogen availability, and soil 
temperature in three different silvicultural treatments and two nutrient regimes. These treatments 
represented a range of residual, post-harvest canopy densities. The direct effects of cold soils on 
growth and physiology were also examined in a greenhouse experiment. These two experiments 
were designed to develop mutually supportive lines of evidence. Soil temperature, light, and N 
availability are confounded in the field , making it difficult to tease apart independent effects on 
tree growth. The greenhouse trial allowed us to examine the independent effect of soil 
temperature on seedling growth using a range of soil temperatures measured within these 
silvicultural treatments over the course of the growing season in 1997. The specific question we 
asked was: "Does overstory density negatively affect seedling growth and physiology directly by 
creating growth-limiting soil temperatures, reducing nitrogen availability, decreasing light 
available to seedlings, or by a combination of these factors?" 
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2.0. LITERATURE REVIEW 
2.1. Ecology and silvics of the ESSF biogeoclimatic zone 
The ESSF biogeoclimatic zone (Krajina 1969, Coupe et al. 1991) in British Columbia 
(B.C.) is extensive, covering 13.3 million hectares or 14% of the provincial1and area (Eastham 
and Jull 1999). These forests occupy high elevation mountain habitats below the alpine 
timberline and span the area between the Coastal Mountains and the Rocky Mountains in British 
Columbia. Similar ecosystems dominated by Engelmann spruce and subalpine fir extend 
southward to New Mexico and Arizona where they are identified as the spruce-fir forest type 
(Alexander and Sheppard 1984, Alexander 1987, Varga 1997). Given their wide geographic 
distribution, these forests occupy a range of elevations with considerable climatic variation. In 
general, the climate is cold-continental with severe winters, moderate to high snowfall, and a 
relatively short, cool growing season (Butt 1990, Coates et al. 1994). 
The principal tree species found in the ESSF are Engelmann spruce (Picea engelmannii) 
and subalpine fir (Abies lasiocarpa). Lodgepole pine (Pinus contorta Doug. Ex Loud.) is a 
common sera! species found mainly after wildfires on southerly aspects or at lower elevations. 
The ESSF forests typically have an understory of ericaceous shrubs, including Rhododendron 
albiflorum Hook., Vaccinum membranaceum Doug!., and Menziesiaferruginea Smith with 
Vaccinium ovalifolium Smith in high precipitation areas (Coates et al. 1994). 
Several silvical characteristics of subalpine fir and Engelmann spruce are similar, which 
may be a factor contributing to their temporal coexistence in the ESSF. Engelmann spruce and 
subalpine fir are restricted to high elevations at low latitudes because of their low tolerance to the 
high air temperatures and moisture deficits that are common at lower elevations (Alexander 
1987). Both species grow most vigorously on fresh to moist, nutrient-rich sites and are 
considered to be shade tolerant (Krajina 1969, Klinka et al. 1992). Engelmann spruce is the less 
shade tolerant of the two species. However, juvenile growth rates for both species are low 
(Famden 1994). Compared to Engelmann spruce, subalpine fir seeds more prolifically, and has 
larger seeds that germinate on a larger variety of seedbeds (Alexander et al. 1984). Knapp and 
Smith (1982) found mineral soil and decayed wood were the most common substrates for 
Engelmann spruce establishment, whereas subalpine fir germinants were also abundant on moss 
and thick litter layers where Engelmann spruce did not occur (Little et al. 1994). 
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2.2. Disturbance and regeneration dynamics 
Major disturbance agents in the ESSF include fire, wind (blowdown), avalanches, and 
insect and fungal infestations (e.g. spruce bark beetle (Dendroctonus rufipennis Kirby), balsam 
bark beetle (Dryocoetes confusus Swaine), Indian paint fungus (Echinodontium tinctorium Ellis 
and Everh.)). Fire is thought to be the most prevalent disturbance in the ESSF (Agee and Smith 
1984, Veblen eta/. 1991 , Varga 1997). However, fire-return interval as well as fire severity are 
related to climate, topography, and fuel availability. Thus, the wetter and colder subzones of the 
ESSF may be characterized by smaller and less severe fires that are patchy and have longer return 
intervals. The mean fire-return interval is estimated to be 300 to 400 years in the wetter regions 
(Romme and Knight 1981) and approximately 150 years in the drier regions (Coates eta/. 1994). 
Forest structure and composition in the Engelmann spruce-subalpine fir forests tends to 
vary with site conditions and disturbance history. For instance, following large-scale 
disturbances in the Sub-Boreal Spruce biogeoclimatic zone, initial colonization is usually by 
Picea, Pinus or Populus species (Kneeshaw and Burton 1997). The same colonization sequence 
is thought to occur in the ESSF (Kneeshaw and Burton 1997, Feller 1998). Regeneration of Abies 
has been found to occur in the initial cohort following disturbance if a seed source is available. 
However, in most cases, Abies is considered a late successional species (Alexander 1974, Veblen 
1986, Veblen et a/. 1991, Kneeshaw and Burton 1997). Secondary disturbances such as tree-fall 
gaps and beetle infestations have also been suggested as agents that may play an important role in 
determining the longer-term structure and composition of spruce-fir forests (Veblen et a/. 1989, 
1991, Kneeshaw and Burton 1997). Furthermore, long establishment periods have been noted in 
boreal and subalpine ecosystems (Kneeshaw and Burton 1997) due to harsh climatic conditions 
and limited availability of safe sites in high latitudes and/or high elevation areas (Ronco 1970, 
Kneeshaw and Burton 1997). Subsequently, it appears that there is no simple structural 
characterization of these stands that are sometimes even-aged and sometimes uneven-aged (Peet 
1988, Kneeshaw and Burton 1997). 
The different life histories of the two species can partially account for stand structure and 
dynamics. Engelmann spruce has greater longevity than subalpine fir (Alexander and Sheppard 
1990) and ' is generally the dominant canopy species (Krajina 1969, Alexander and Sheppard 
1990, Coates et al. 1994 ). Subalpine fir is usually the most abundant species in these mixed 
stands due to its profuse regeneration and greater ability to survive at low light levels. However, 
subalpine fir usually represents less of the mature stand 's basal area (Alexander and Sheppard 
1990, Alexander eta/. 1990, Kneeshaw and Burton 1997). For example, the stand structure of a 
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high elevation forest in Colorado showed 20-30% of the stems to be Engelmann spruce and 70-
80% to be subalpine fir. However, in terms of basal area, the ratio was reversed, with Engelmann 
spruce representing 70% basal area and subalpine fir 30%, reflecting the high proportion of fir in 
the regeneration layer (Alexander 1985). 
2.3. Past and present silviculture in high elevation systems 
In north-central B.C. and the east slope of the Rocky Mountain in Alberta, management 
of high elevation (ESSF) forests has typically been for timber production and clear-cut based 
harvesting methods have been the silvicultural system of choice (Famden 1994). These forests 
have a high value for many resources, including wildlife habitat, biodiversity, aesthetic values, 
and sources of fresh water (Famden 1994, Jull eta!. 1996). Consequently, public concerns and 
demands are increasing for more conservatively managed areas with a corresponding shift away 
from clear-cut timber harvesting practices. 
Although partial-cut systems have the potential to be used in high elevation forests such 
as the ESSF, relatively little information is available on using shelterwood cutting in the boreal 
and ESSF forests of Canada and interior Alaska (Youngblood 1990). The most typical historical 
use of partial-cutting in these areas has been the diameter-limit high grading method (Eastham 
and Jull 1999). Some experimentation with partial-cutting and regeneration has occurred in the 
spruce-fir forests in the United States (Alexander 1987). However, management in these areas 
has primarily been for water, grazing or wildlife purposes and not for wood fiber. Also, natural 
regeneration instead of planting seedlings has typically been the technique used to regenerate 
harvested areas. 
The transition to using partial-cut systems in the ESSF in north-central B.C. requires an 
understanding and quantification of the factors impacting regeneration, growth and survival in 
these forests. Early research on tree regeneration in the ESSF mainly focused on assessing the 
survival or stocking level of plantations established following clear-cutting, and results indicated 
that regeneration was slow or unsuccessful in many areas (Butt 1990, Oswald and Brown 1992, 
Famdep 1994, Jull et al. 1996). However, regeneration success has improved in the last decade 
through greater experience in artificial regeneration methods including better seedling nursery 
culture, the development of stock types suitable for these harsh environments, and by diversifying 
site preparation techniques (Hollstedt and Vyse 1996, Vyse 1997, Sagar and Jull, unpubl.). 
Although regeneration techniques have improved, tree growth is still slow in these ecosystems 
and little is known about the degree to which the potentially limiting factors (low soil 
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temperatures, light, and low N availability) affect seedling growth in clear-cuts, let alone partial-
cut systems. Ideally, the residual canopy overstory resulting from partial-cut and shelterwood 
treatments should alleviate harsh site conditions while maintaining an adequate degree of 
openness for seedling growth (Holbo and Childs 1987). However, in cold, wet and harsh systems 
like the ESSF, the effect of the residual and edge canopy may hinder rather than improve seedling 
growth and survival. 
2.4. Environmental constraints to regeneration 
The purpose of this thesis was to examine several of the potentially growth-limiting 
environmental factors and their interaction effects on seedling growth and physiology in order to 
identify limitations to regeneration in partial-cut forests in the ESSF. The factors chosen for 
examination were light environment, soil temperature, and nitrogen availability because these 
factors were commonly cited in the literature as being key factors thought to influence growth 
and survival in high elevation forests. 
2.4.1. Light 
Light is thought to be the single most important factor limiting growth and survival of 
established tree seedlings and saplings (Walters and Reich 1996). For instance, light availability 
affects many plant processes, such as photosynthesis, stomatal conductance, transpiration, and 
leaf temperature (Baldocchi and Collineau 1994). Under a forest canopy the light at the seedling 
level is extremely heterogeneous. The light environment in a forest stand is determined by 
altitude, elevation, meteorological conditions as well as stand structure and composition 
(Chazdon 1988, Canham eta/. 1990, Chen eta/. 1995). Variation in shade tolerance among tree 
species is a key factor not only for understanding forest succession and dynamics (Pacala et a/. 
1994, Walters and Reich 1996) but also for making decisions regarding forest regeneration (Chen 
1997). Interspecific differences in survival and growth in relation to light and shade tolerance 
have been previously studied on naturally regenerated saplings (Chen 1997 and references 
therein). In general, shade tolerant species tend to have a higher survival than shade intolerant 
species in low-light environments (Chen 1997). The relative shade tolerance of a species is the 
result of a combination of traits including relatively high rates of growth and survival in low light 
environments (Pacala eta/. 1994, Kobe eta/. 1995, Walters and Reich 1996). A species ability. to 
tolerate shade has been explained by its high efficiency in capturing and utilizing limiting light 
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resources and in minimizing rates of respiration (Chen 1997). This efficiency is attributed to 
several fixed and plastic physiological attributes including plasticity in crown shape, a high 
shoot: root ratio, large leaf area, high photosynthetic light use efficiency, and a low light 
compensation point for photosynthesis (Canham 1988, Givnish 1988, Tilman 1988, Chazdon and 
Kaufmann 1993, Walters eta/. 1993b, Chen 1997). 
Engelmann spruce and subalpine fir are both shade tolerant species. Natural-stand 
dynamics research has shown that these species are able to persist in a state of suppression for 
many decades until an opening occurs and there is a release and an increase in growth rates 
(Kneeshaw and Burton 1997). However, this situation may not be suitable to management 
expectations for growth and timber production. The use of alternative silvicultural practices with 
varying amounts of overstory retention will have a direct effect on the light environment of the 
regeneration layer. How regeneration responds to the changes in light environment is of major 
concern when implementing these types of silvicultural systems. 
2.4.2. Temperature 
Given the climate of the ESSF, light and low temperature conditions (both air and soil) 
are generally the two most important factors limiting growth. Further, the effects of low soil 
temperature on growth can be both direct and indirect (Chapin 1983). In a literature review, 
Komer (1998) shows that the alpine treeline occurs where growing season mean air temperatures 
are between 5.5 and 7SC. This suggests that temperatures for adequate growth of trees in these 
areas are likely somewhere above this temperature range. Species adapted to high elevation 
areas, including the ESSF, must have low optimal temperatures for photosynthesis, low heat sum 
requirements for bud burst as well as resistance to winter desiccation and frost damage (DeLucia 
and Smith 1987, Peterson and Peterson 1994). 
In high elevation areas, air temperatures rise rapidly in early summer when snowpacks 
are still deep and persistent. This has led to the suggestion that low soil temperatures influence 
growth and carbon assimilation well after favorable air temperatures are attained (DeLucia and 
Smith 1987, Day et a!. 1989, 1990). Low air and soil temperatures have been found to limit rates 
of photosynthesis and respiration and decrease stomatal conductance (Hellmers et a!. 1970, 
DeLucia and Smith 1986). DeLucia and Smith (1987) found that low soil temperature was the 
primary factor limiting photosynthesis for both subalpine fir and Engelmann spruce and that it 
may be limiting throughout the growing season at high elevations. They observed declines in 
both net photosynthesis and stomatal conductance of seedling growing in cold soil. However, 
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substantial rates of photosynthesis still occur at 0°C soil temperature and a quarter to half of 
maximum rates have been reported at 5°C soil temperature for a variety of plant and tree species 
(Komer et al. 1986, reviewed by Komer 1998). These conflicting results make generalizations of 
leaf gas exchange in low soil temperatures difficult. Part of the problem with these comparisons 
is attributed to the fact that the majority of studies addressing cold-soil effects on conifer gas 
exchange and other physiological processes have been conducted under controlled environmental 
conditions using unhardened or non-acclimated seedlings (Day et al. 1990). Furthermore, several 
studies have shown that the photosynthetic temperature response curve is broad (Komer 1998) 
and thermal acclimation of species from cold soil regimes reduce the potential inhibitory effect of 
low soil temperatures on certain physiological processes. 
Although rates of net photosynthesis may be reduced at low soil temperatures, it appears 
C02 assimilation for production of carbohydrates over the course of the growing season may be 
adequate for positive growth to occur. More specifically, plants may take advantage of periods of 
warm air temperatures and long daylight hours and have sustained rates of photosynthesis to 
compensate for unfavorable periods. Although carbon production is possible, growth may be 
slow or depressed due to limitations to other physiological processes at low soil temperatures. 
These examples are not contrary to the theory that low soil temperatures limit growth in high 
elevation areas. They do, however, cast doubts on the generalization that C02 assimilation (and 
availability of carbon) is the major bottleneck for growth at low soil temperatures. Komer (1998) 
suggests that reduction in growth of trees in alpine-subalpine areas may be more related to sink 
inhibition as a result of low soil temperatures than carbon shortage. That is, processes involving 
tissue formation (production of new cells, as well as cell elongation and differentiation), which 
are strongly temperature dependent may have more important roles limiting growth than rates of 
photosynthesis. In general, the critical range of temperatures (air and soil) for direct effects on 
growth and development appears to be higher than 3 but lower than 1 0°C, although the 
physiological and developmental mechanisms responsible still require clarification (Komer 
1998). 
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2.4.3. Nitrogen 
2.4.3.1. Nitrogen availability 
Nitrogen has been found to be the element that most limits the growth of canopy trees in 
northern temperate and boreal forests (Brockley 1990, Weetman et al. 1998). Nitrogen 
availability in the soil depends mainly on the rate at which it is mineralized during decomposition 
of organic matter that is returned to the forest floor through litter fall (Keenan et al. 1995). 
Factors that have also been found to regulate nutrient availability include chemical 
characterization of the mineralizable organic substrates, soil microclimate, and interactions of the 
organic substrates and climate (Fisk and Schmidt 1995). Thus, the supply of available soil N 
varies across gradients ranging from microsites to landscapes in response to differences in 
aboveground species composition, soils and environmental conditions (N adelhoffer et al. 1991, 
Binkley et al. 1994). 
Research available on nutrient cycling in high elevation ecosystems is limited. However, 
many studies have examined the soil temperature and moisture relation toN availability, 
mineralization, and immobilization. Several studies (under controlled conditions and in situ) 
have shown that soil N concentration and mineralization rates are more highly related to soil 
temperature and moisture status than to size of the mineralizable pool (N adelhoffer et al. 1991, 
Ellert and Bettany 1992, Morecroft et al. 1992, Gonyalves and Carlyle 1994). Small increases in 
soil temperature have resulted in large increases in net N mineralization (N adelhoffer et a!. 1991, 
Gonvalves and Carlyle 1994) suggesting that, in cold systems, these biological processes might 
be temperature limited. 
The second important factor regulating nutrient availability is the influence of species 
composition on the quality of the mineralizable substrate (Alban 1982, Flanagan and Van Cleve 
1983, Pare and Van Cleve 1993). Several researchers have suggested that, although temperature 
effects on in situ net N mineralization experiments are often found to be significant, these effects 
might be more a reflection of substrate characteristics or quality since species cover and 
temperature are often experimentally confounded (Flanagan and Van Cleve 1983, Nadelhoffer et 
al. 1983, Prescott et al. 1989, Van Cleve et al. 1990, Prescott et al. 1992, Fisk and Schmidt 
1995). Several chemical characteristics of litter may influence the decomposition rate and 
nutrient availability including: C:N and lignin:N ratios, and the acid-soluble carbohydrate 
(cellulose, hemicellulose and starch) composition (Van Cleve et al. 1983, Prescott et al. 1992, 
Binkley et al. 1994, Hobbie 1996). The presence of ericaceous shrubs such as Rhododendron 
albiflorum, Vaccinium membranaceum, Menziesiaferruginea at Lucille Mountain may negatively 
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affect litter quality and nutrient cycling. Ericaceous litter has been found to be high in tannins 
and phenolic acid, substances that immobilize N and impede nutrient uptake by forming 
complexes with N03. and NH/ (Schimel and Chapin 1996). High elevation spruce-fir forests in 
northern New England develop under conditions of low nutrient availability, in which leaf litter 
input is low inN and high in lignin and decomposition rates are low (McNulty and Aber 1993). 
This situation could lead to nitrogen limitation to growth of trees in these areas (Binkley and Hart 
1989, Prescott eta/. 1992). The spruce-fir forests of New England could be similar in this aspect 
to the forests of the ESSF in north-central B.C. where problems with nutrient availability could 
also exist. 
2.4.3.2. Effects of timber harvesting on nitrogen dynamics 
Nitrogen availability can be affected by timber harvesting and site preparation through 
their effects on soil moisture and soil temperature (Burger and Pritchett 1984). The removal of 
the canopy layer results in greater penetration of solar radiation to the regeneration layer as well 
as decreased water uptake by the removal of the mature trees. Increased N mineralization and 
nitrification rates after clear-cutting have been documented; the extent of the increase varies with 
climate, soil conditions, and degree of disturbance (Vitousek 1982, Munson eta/. 1993). The 
characteristic increase in nutrient availability following harvesting is called the "assart effect". 
Kimmins (1992) identified several factors responsible for this flush of nutrients: 1) input of 
readily decomposable above- and below-ground dead organic matter; 2) increased soil 
temperature and moisture which favor an increase in microbial numbers and activity, and 
consequently the associated process of decomposition; and 3) reduction in the uptake of nutrients 
and water through the removal of the previous mature vegetation, and a resulting increase in their 
availability to the microbial populations and to seedlings. 
Accelerated N mineralization and increased soil temperatures through stand harvesting 
and subsequent site preparation techniques can have beneficial effects for seedling growth 
(Spittlehouse and Stathers 1990) but could be detrimental to long-term site productivity. For 
instance, although planted seedlings require N, N availability may be raised by site preparation 
techniques beyond the needs required by the planted stock (Burger and Pritchett 1984). 
Therefore, whatever plants do not take up can be subject to leaching and is then lost from the 
system. The initial nutrient flush following harvesting may be considered desirable since it 
provides seedlings with surplus nutrients, and short-term benefits such as an increase in growth 
and foliar N concentrations (Munson eta/. 1993). However, once the flush ends and the site is 
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occupied by non-crop species, the growth of the crop species can be significantly reduced or 
precluded altogether (Messier and Kimmins 1992). Thus, if too much of the slash and forest floor 
materials are removed following harvesting, the mineralizable N reserves are small and can be 
prematurely depleted. The use of partial-cut silvicultural systems have been proposed as a means 
of reducing the negative consequences of clear-cutting and maintaining a more "natural state". 
However, little is known about the effects of these silvicultural systems on nutrient dynamics 
(Prescott 1997) as the majority of studies have taken place in clear-cut systems. 
2.4.3.3. Organic nitrogen 
As discussed above, most studies have examined the dynamics of inorganic N (NH4 + -N, 
N03. -N) since these forms are thought to be the predominant form ofN absorbed and utilized by 
plants. However, some vascular plants, such as Eriophorum vaginatum L., have been observed to 
absorb and utilize amino acids as an N source (Kielland 1994, Chapin 1995, Northrup eta!. 1995, 
Schimel and Chapin 1996). Amino acids could be a preferred N source by many plant species 
since they are an excellent source ofboth C and N (Schimel and Chapin 1996). By directly 
absorbing amino acids, plants circumvent the mineralization step (Kielland 1994, Chapin 1995). 
Subsequently, measurements ofN mineralization alone may underestimate the rate ofN supply in 
arctic and perhaps high elevation systems, since these areas are considered to be quite similar in 
this respect. Nitrogen mineralization is currently thought of as the rate-limiting step for N 
availability (Kielland 1994, Chapin 1995). The ability to use organic forms ofN has not yet been 
determined for conifer species but at the moment it is considered a possibility. Thus examination 
of the availability of both organic and inorganic forms ofN may provide a better index ofN 
availability in ESSF forests and may provide a better approximation of the factors affecting 
growth of planted seedlings. 
2.4.3.4. Fertilization 
Results from several studies within B.C. have indicated that N is the element that most 
limits the growth of north temperate and boreal forests (Brockley 1990), and that severe N 
deficiencies are common throughout the interior of B.C. (Ballard 1986). One of the best methods 
of directly demonstrating the degree and source of nutrient limitation is via fertilization 
experiments. Fertilization trials on plantations within B.C. have had strong positive results 
(Brockley 1992) including substantial increases in the yield and (or) value of merchantable wood 
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harvested from them (Brockley 1990). Results from a trial on an Engelmann spruce plantation 
showed favorable effects of fertilizer on height increment, branch elongation as well as an 
increase in total foliage mass (Brockley 1992). The most notable effect of fertilization from this 
trial was an increase in the total photosynthetic surface area of the fertilized trees and this 
improvement alone has been found to increase the duration of the growth response to fertilization 
(Brockley 1992). Furthermore, trials on lodgepole pine stands have shown that N additions had 
such substantial effects on tree and stand growth that some plantations produced as much as 15 
m3 ha·' of"extra" wood during the 6 years after treatment (Brockley 1992, Brockley and Sheran 
1994). These studies and others suggest that N is limiting in the interior of B.C. and they support 
the potential utility of fertilization in operational settings. 
Despite indications that many ofB.C's interior forests are N limited, few of these 
fertilization studies have been done in subalpine forests. However, chlorotic foliage was evident 
on many of the seedlings at Lucille Mountain, suggesting the presence of nutrient deficiencies. 
2.5. Interactions among environmental factors 
Given the general growing conditions of the ESSF, tree seedlings may be growth-limited 
by multiple and correlated factors, such as low light, low nutrient availability, and low soil 
temperatures. Which of these effects are most limiting to seedling growth in high elevation 
systems is not known. Furthermore, due to the nature of these variables it is difficult to separate 
out individual effects, as these factors interact in affecting the growth and survival of tree 
seedlings. For example, soil temperature may have both direct and indirect effects on growth. 
Low soil temperature can have direct effects on growth and physiology via its effects on 
biological processes such as decreasing water uptake in roots, root growth, and nutrient 
adsorption, increasing water stress, and decreasing leaf conductance and net photosynthesis 
(Bowen 1970, Kaufmann 1977, Goldstein and Trowbridge 1985, DeLucia 1986, DeLucia and 
Smith 1987, Day eta/. 1989, Coates eta/. 1994). Low soil temperatures can also indirectly affect 
growth through its effects on N cycling rates. In boreal forests, soil temperature exerts by far the 
greatest control over nutrient supply and net primary productivity (NPP) (Van Cleve eta/. 1983, 
Bonan and Shugart 1989, Nadelhoffer eta/. 1991), since rates of nutrient supply depend on the 
soil thermal regime for activation energy of the biological processes involved (i.e. rates of 
decomposition, mineralization, and immobilization). This demonstrates that nutrient availability 
and the soil temperature regime of an area are intimately coupled and that lower availability of 
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nutrients can be considered an indirect effect of low soil temperature on seedling growth and 
establishment. 
Light and soil effects on growth may not be independent. Soil (and air) temperature is 
highly dependent on solar radiation and thus they may be strongly inter-related and may jointly 
affect seedling growth at high-altitudes. Soil heat flux is directly coupled to the amount of 
penetrating light, as increased penetration of light to the soil surface will cause radiative warming. 
Moist, exposed soils can absorb radiation and warm because of the ability of the water in the soil 
solution to absorb and conduct heat more readily than air can (Famden 1994). Soils beneath 
forest canopies with little penetration of light can be at least 5°C cooler than adjacent open areas 
(Komer 1998). Climate data from the Lucille Mountain Silvicultural Trial has shown small but 
significant differences in growing season soil temperatures at 10 em depth between the three 
studied harvest treatments. In the clear-cut, average soil temperature was 10.1 o C; in the small 
patch-cut; center I 0.6 °C, south edge 8.9 °C, north edge 11 .2 °C; and for the shelterwood, 8.5 °C 
(Jull eta/. 1996). In a high elevation (2800 m) site in Wyoming, Hungerford (1979) found a 7 °C 
difference in soil temperature at 5 em in July between a clear-cut and uncut ESSF forest. 
Similarly, Goldstein and Trowbridge (1985) found a 3.6 °C difference at 50 em soil depth 
between a clear-cut and an unharvested stand in the ESSFmc in the Prince Rupert Forest Region. 
These examples demonstrate the direct coupling of soil temperatures to light availability and 
penetration to the soil surface. 
Multiple resource limitation is not an unlikely expectation in the ESSF. Partial-cut 
silvicultural systems with varying light environments may create complex microenvironments 
where light, soil temperature, and N availability all play a role in accounting for the variation in 
growth. As previously stated, light is thought to be the main factor limiting growth and survival 
of tree seedlings in most forest understories (Pearcy 1983, Canham 1988, Pacala et at. 1994, 
Walters and Reich 1996). However, studies in other forest ecosystems have found that light is 
not likely the sole factor involved. Water, nutrients, and light can co-limit seedling growth in 
forest understories. For example, in deeply shaded northern hardwood forest understories, 
Walters and Reich (1997) found Acer saccharum Marsh. seedlings on rich sites had 2-4 fold 
greater stem length growth and higher leafN content than seedlings on poorer sites. Nitrogen 
mineralization and nitrification rates were greater and so was soil moisture compared to poor 
sites. With respect to the relationship between and among these factors in high elevation forests , 
greater light levels may be necessary to overcome low air and soil temperature limitations. 
Subsequently, in these areas, the minimum level of volume removal (basal area and/or canopy 
density) that allows for adequate penetration of light and radiant energy to the seedling layer 
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could be higher than at low-elevations. Although all of these factors may be important, 
determining their relative contributions in limiting seedling growth at high elevations remains to 
be accomplished. 
14 
3.0. METHODS 
3.1. Field study site 
The field study area is located in the moist, mild Engelmann Spruce-Subalpine Fir 
subzone (ESSFmm1) on Lucille Mountain, five kilometers southwest of McBride, B. C. (53° 
18'N, 120° 14' W). The site aspect is north to northeast, with elevations ranging from 1375 to 
1600 m.a.s.l. and slope gradients of 15 to 40%. The soils are poorly sorted, uncompacted glacial 
tills overlying metamorphic (phyllite and schist) bedrock at depths of about 1 meter or more. The 
stand is multi-aged and multi-storied. The predominant tree species in the uncut stand are 
Engelmann spruce (Picea engelmannii Parry ex. Engelm) (20% by basal area) and subalpine fir 
(Abies lasiocarpa (Hook) Nutt.) (80% by basal area) up to 300 years old (Jull and DeLong 1996). 
The shrub layers are predominantly composed of white flowered Rhododendron (Rhododendron 
albiflorum Hook.), false azalea (Menziesii ferruginea Smith) and huckleberry (Vaccinium spp.). 
The herb layer is typically dominated by five-leaved bramble (Rubus pedatus J. E. Smith) and 
rosy twistedstalk (Streptopus roseus Michx.). 
The climate of the area is moist and cool, with infrequent growing season frosts. 
Snowpacks usually develop by mid-October and last to mid-June. A complete description of the 
climate monitoring and harvest treatments can be found in Jull et al. (1996) and in Jull and Sagar 
(unpublished). 
3.1.1. Seedling selection and harvesting treatments 
Three harvest treatments were implemented between 1991 and 1992. DeLong et al. 
( 1991) and Jull et a!. (1996) describe these treatments in detail. In brief, the three harvest 
treatments include one large 32 ha clear-cut, 0.2 ha (45 m X 45 m) small patch-cuts, and a 15 ha 
irregular shelterwood (47% volume removal) (Appendix 1). Study sites represent 40 m X 40 m 
planted assessment plots within each of the treatments. Selection and replication of study sites 
were as follows: three study sites within the 15 ha shelterwood treatment, and two study sites 
within the 32 ha clear-cut treatment areas were selected. For the patch-cut study sites, three 
individual 0.2 ha patch-cut openings were selected. 
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Seedlings of Engelmann spruce (PSB 2+0 415) 1 and subalpine fir (PBR 2+ 1 415i were 
planted in 1992 at 1m spacing in east-west transects across harvest treatments. In 1997, seedlings 
were systematically tagged for sampling along 4 rows within each assessment plot 
(approximately 30 seedlings of each species were tagged at each assessment plot). Only trees 
without symptoms of disease were selected. Every other seedling, along each transect, was 
tagged in such a fashion that we had a minimum of 2 m between each experimental seedling 
(Appendix 2). Every second experimental seedling was fertilized by hand with 25 g of a 
complete nitrogen fertilizer top-dressing (20-6-12 N-P-K with micronutrients, Reforestation 
Technologies International, Monterey, CA) at the beginning of the growing seasons in 1997 and 
1998. Buffer seedlings ensured that non-fertilized seedlings were not affected by adjacent 
fertilized seedlings, as the distance between experimental seedlings was greater than 2m. This 
distance is considered to be far greater than the expected lateral movement of the amount of 
applied fertilizer (Rob Brockley, BC Ministry of Forests, Kalamalka Research Station, personal 
communication, 1997). Further, greening of herb foliage from fertilizer extended only 0.35 m 
beyond the applied area, indicating that unfertilized seedlings were well beyond the influence of 
the fertilizer. 
3.1.2. Measurement variables 
Soil temperatures were measured for every seedling at depths of7 and 15 em using a hand 
held thermocouple thermometer (HH-KC, Omega, Laval, Que.) and utility probe (KHSS-14G-
RSC-12-NP, Omega, Laval, Que.). Soil temperatures were measured between 1300 hand 1500 h 
seven times over the growing season. Measurement periods were concentrated around early and 
late growing season since preliminary soil temperatures measured in 1997 were found to change 
most frequently at this time. 
We estimated light availability by analyzing hemispherical photographs taken above each 
seedling in mid- to late-summer. From digitized photographs we computed an index of whole 
growing season light availability (Gap Light Index) (Canham 1988). This light index specifies 
the percentage of incident photosynthetically active radiation (PAR) transmitted through a gap to 
1 Polystyroblock-grown seedlings having a root plug (block cavity) measuring 14 em in diameter and 15 
em deep. Containers produced by Beaver Plastics Ltd., Edmonton, AB. Seedlings were grown two years in 
a greenhouse. 
2 Polystyroblock- grown seedlings having a root plug (block cavity) measuring 14 em in diameter and 15 
em deep. Containers produced by Beaver Plastics Ltd., Edmonton, AB. Seedlings were grown two years 
in a greenhouse and one year outside. 
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any particular point in the understory over the course of a growing season. GLI can be computed 
following Canham et a/. ( 1990) 
where P d and Pb are the proportions of incident seasonal PAR received at the top of the canopy as 
either diffuse sky radiation or direct-beam radiation, receptively, and T d and T b are the 
proportions of diffuse and direct-beam radiation, respectively, that are transmitted through the 
gap to a point in the understory. This index has been found to correlate highly with 
measurements of photosynthetically active radiation (PAR) under closed and open canopies, and 
in gaps (Canham 1988, Canham and Burbank 1994, Pacala eta/. 1994). We measured volumetric 
soil water content with single diode time domain reflectometry probes (MoisturePoint™ MP-917, 
Gabel Corporation). Measurements were made to a depth of 30 em at the base of every seedling 
in June and July. A competition index (CI) of mature trees influencing seedling 
microenvironment was determined for each seedling. The index was calculated as the sum of the 
basal area of all trees ~2 m in height in a 10 m radius plot divided by the sum of the distances of 
the seedling (plot center) to each tree (Lorimer 1983). 
3.1.3. Photosynthesis 
Light-saturated photosynthetic rates were monitored on 1 year old foliage of Engelmann 
spruce and subalpine fir using the LI-6200 Portable Photosynthesis System (Li-Cor Inc., Lincoln, 
Nebraska) operated in the closed configuration and calibrated against a known C02 standard prior 
to each measurement period. Seedlings were selected in 4 locations to examine the influence of a 
range in overstory density on soil temperature and photosynthetic rates during the growing season 
of 1998. These locations included: 1) clear-cut(> 100 m to tree) , 2) open patch-cut(> 10 m 
distance to tree) , 3) edge (<5 m to tree and block edge) and 4) near tree bole (<2m to tree). 
Photosynthesis in locations 2 and 3 was measured on seedlings in two of the 0.2 ha patch-cuts 
whereas in location 4 it was measured on seedlings located in the irregular shelterwood. Four 
trees were randomly selected from each species and location at each time. The seedlings chosen 
for photosynthesis measurements were not sub sampled from our experimental seedlings, but 
selected from non-tagged seedlings planted in the assessment block. 
Photosynthesis measurements were made on one branchlet of each of the trees, and 
sampled branchlets were chosen to represent the average light environment for each tree. Two 
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measurements were taken on each twig between 0830 hand 1230 h using an artificial light source 
(2200 prnol m-2 s- 1, Qbeam 2001, Quantum Devices, Barneveld, WI). Relative humidity and 
initial C02 concentrations were maintained close to ambient levels during measurements. 
Following gas-exchange measurements, the portion of the branchlet that was in the cuvette was 
clipped, brought to the laboratory, and dried in a forced-air oven at 70°C to determine dry needle 
mass. Rates of photosynthesis were calculated on a dry mass basis (A-maxmass). On several 
occasions, photosynthesis was measured on a stem of both species which had all of its needles 
carefully removed. This procedure was carried out as a control to account for photosynthesis 
(respiration) being conducted by the stem during branchlet measurements. Respiration rates of 
the stem were negligible compared to photosynthetic rates of the branchlet with foliage. Soil 
temperature was also measured for each seedling to determine the relationship between soil 
temperature and photosynthetic rates. 
3.1.4. Destructive sampling 
Destructive harvesting was carried out in late September 1998 after height and diameter 
growth had ceased for the year. Prior to harvest, we measured height and recorded presence of 
disease or damage on all fertilized and unfertilized seedlings that were measured for light, soil 
temperature, and vegetation competition. A 10 em stem segment was removed from the base of 
each seedling at ground level and brought back to the laboratory. These samples were allowed to 
air dry for one month, after which they were carefully sanded, and tree ring widths were 
measured with an image analysis system (WinDendro™, Regent Instruments Inc.). For each 
stem section, three representative radii were measured to acc~mnt for variation in lateral basal 
growth. The mean of the three radii was used to calculate basal seedling diameter without the 
bark. 
For each species per site, approximately ten trees (N= 190) were also harvested for 
measurements of aboveground biomass. These seedlings were broken down into stem (with 
buds) and leaf mass fractions (see Table 1 for descriptions) and used to determine if there were 
differences in aboveground biomass and allocation to leaves versus stems between the harvest 
treatments. On a small sub sample of trees, we excavated root systems to determine total 
biomass. In general, seedlings planted close to tree boles were small aboveground. Therefore, 
we decided to examine the effect of the distance of mature trees to seedlings on total mass and 
root mass of seedlings. Four randomly chosen, unfertilized seedlings, of each species were 
excavated within 3 positions: 1) clear-cut, 2) <2m from the bole of a large tree, and 3) >2m and 
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<5 m from a bole of a large tree. All harvested plants were separated into needles, stems with 
buds, and roots, and then dried in a forced-air oven at 70°C. We then calculated needle, stem, and 
root mass ratios of the entire or aboveground plant. Acronyms and units for these and other 
parameters are summarized in Table 1. 
A composite sub sample (all foliage for individual seedlings) of the total needle mass was 
used for foliar nutrient analysis. The foliar sub samples were dried, ground to fine dust, and 
analyzed for N concentration using a CHN analyzer (Carlo-Erba, Milano, Italy). 
3.1.5. Nitrogen mineralization experiment 
In situ nitrogen mineralization was assessed from May 30 to June 30 and July 28 to 
August 28, 1998 using in situ incubation of soil cores (Nadelhoffer et al. 1985, Rees et al. 1994). 
In each of the patch-cut sites, transects were established from each of the block edges. Transects 
extended from a distance within the intact forest into the middle of the block opening. Sample 
locations were established at distances of -8 m (intact forest), 0 (block edge), +8 m and+ 16 m. 
In the shelterwood, 3 parallel transects were laid out and sampling took place at -8 m, 0 m, +8 m, 
+16m, and +24m. Only one transect (4 sample locations) was established in each ofthe clear-
cut sites due to lack of mature trees and general uniformity of the area, as one of the purposes of 
the experiment was to examine the effect of retention of mature trees on soil N dynamics. 
At each sample location, 5 paired (10) PVC cores (20.0 x 5.08 em) were taken so that soil 
was as similar in composition as possible. One of each of the 5 pairs were bulked and taken to 
the laboratory for immediate analysis to establish the initial measurement point (to). The other 
member of each pair was covered with loose fitting plastic cups to prevent leaching and allowed 
to incubate in the field for 30 days. Bulked samples were sieved (0.5 em) and then thoroughly 
homogenized by hand. All coarse woody litter fragments and roots were removed. For the 
extraction, 50 g fresh weight soil from each homogenized sample was extracted with 100 ml of 
1M KCl to determine extractable N03--N and NH/ -N. The mixture was shaken for an hour and 
then extracted overnight in a refrigerator at 4°C. The following day, samples were filtered 
through Whatman No. 40 filter paper. Sample extraction was carried out as quickly as possible 
(within 48 hours), prior to which the soil was kept cool (4°C). A second soil sub sample was 
taken from the bulked soil samples to determine gravimetric soil moisture content in order to 
calculate KCl dilution and to calculate and express mineralization rates on a soil dry mass basis. 
Blanks were prepared to account for any contamination from reagents or extraction procedure. 
Extracts were stored frozen until chemical analyses could be performed. NH/-N and N03- -N 
19 
concentrations were determined colorimetrically using a Technicon Autoanalyzer II (Technicon 
Industrial Systems, Tarrytown, N.Y, USA) by the University of Alberta Renewable Resources 
Department. The differences in N03--N and NH/-N concentration between initial and incubated 
bulked paired samples along with the soil moisture content were used to calculate net rates of 
ammonification and nitrification for a given period and location (Eno 1960). Mineralization and 
nitrification rates were calculated as follows: 
KCl Extractable N (llg N g dry soil" 1) 
= N (ppm) x 100 + (sample(g) x (1- (sub sample dry soil mass(g)!sub sample wet soil mass(g)))) 
(sub sample dry soil mass(g)/ sub sample wet soil mass(g)) x sample (g) 
Mineralization/Nitrification rate (llg g dry soir' d- 1): available N(t1)- available N (!Q)_ 
t, - t0 
Rates of dissolved organic nitrogen (DON) production were determined for the July-
August incubation only. Dissolved organic nitrogen was assayed on: two of the four transects in 
the patch-cuts, two of the three transects in the shelterwood, and each of the transects in the clear-
cut to reduce analytical costs. The protocol followed was exactly the same as above with two 
exceptions: 1) samples were extracted using deionized water, and 2) samples were filtered 
through Acrodiscs (0.2 11m opening) to exclude all bacterial cells. Analyses were conducted for 
total N, and mineral N (ammonium and nitrate) on each water extract in order to back-calculate 
DON (i.e. DON= total N- mineral N). This was done using the Technicon Autoanalyzer II 
(Technicon Industrial Systems, Tarrytown, N.Y., USA) at the University of Alberta. 
3.2. Greenhouse study 
3.2.1. Treatment design 
A greenhouse study was conducted at Red Rock Research Station (Ministry of Forests, 
26 km southwest of Prince George) to test the direct effects of soil temperature on seedling 
growth of spruce and subalpine fir. We used three root temperatures (5, 10, and l5°C) that cover 
the range of soil temperatures commonly experienced over the course of the growing season in 
the field. We chose to use young germinants so that long pre-treatment effects on older seedlings 
would not confound results. The length of the experiment closely followed the natural growing 
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season at Lucille Mountain (June to August). We obtained seeds of Engelmann spruce and 
subalpine fir from seedlots in the Lucille Mountain vicinity. Two seed lots of Engelmann spruce, 
800 m and 1300 m elevation, were used to test for elevational effect of genetic treatment 
(provenance) . Only one genetic treatment of subalpine fir (11 00 m) was available. Seeds were 
wet-dry stratified for 12 weeks prior to the sowing date. Seeds were stratified at 4S% moisture 
content (me) for four weeks, and air-dried on screens at 20°C until seed moisture reached 3S% me 
(fresh weight basis). Seeds were then returned to 2°C for an additional 8 weeks. 
Three circulating water baths (120 em x 90 em) were constructed from PVC tubes (6 em 
x 1S em) and 1.87S em PVC sheeting. Holes were drilled in the top and bottom of the baths and 
the PVC tubes were glued in place. Dimensions for the baths were 11 tubes x 7 tubes for a total 
of77 tubes (pots) per bath (Appendix 3). This bath design allowed water to circulate around the 
rooting area of the seedlings but the tubes (pots) were open to the outside and able to drain freely. 
Water was pumped (Model AC-2P-MD, March MFG, INC., Glenview, IL) through a baffle 
system and back to an insulated holding tank. Water temperature was maintained using both 
heating (Julabo P, Labortechnik GMBH, West Germany) and cooling units (Lauda IC-6 and IC-
30, Brinkman Instruments, Westbury, N.Y.). The waterbaths were well insulated to help 
maintain treatment temperatures. Soil and air temperatures were monitored continuously and 
recorded with a data logger (Campbell Scientific 21 X, Ogden, UT). Thermistors were installed in 
2 randomly assigned pots at 2 em and 10 em soil depths in each bath to monitor actual soil 
temperatures. Air temperature at 10 em above the S°C and 1 0°C bath was also monitored to 
examine if the cooler baths significantly influenced the aboveground microclimate for 
germinants. Measurements were taken at 1S minute intervals and means calculated on an hourly 
and daily basis. Actual root temperatures for the length of the experiment at approximately 10 
em into the pots averaged 5.4 ±1.5 °C, 10.0 ±1.4 °C, and 14.96 ±0.9°C. Air temperature at IS em 
above the S°C and 10°C waterbath was 11.S ±1.7 °C and 18.6 ±4.7 °C, respectively. 
The three baths were set up side by side on raised beds in the middle of a polyurethane 
covered greenhouse. Pots were filled with a mixture of 2:1 (v/v) mix of pure silica sand and 
greenhouse soil. Each of the 77 pots per bath was sown with one of the three randomly assigned 
treatments (2S pots per genetic treatment per bath) on May 1S, 1998. Germination occurred 
under ambient light and temperature conditions in the greenhouse (18-24°C air temperature). 
Seeds were misted every 2 hours using an automated system until germination was complete. 
Following germination, shade houses (180 em x 120 em x 60 em) were placed over each bath 
with one layer (60% transmittance) of neutral density shade cloth for the remainder of the 
experiment to prevent excessive evaporation and insolation. During this time, root temperature 
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was maintained at ambient greenhouse temperatures (approx. 22°C). After most seeds had 
germinated (June 4th), root temperatures were slowly adjusted to treatment levels (5, 10, and 
15°C) over the course of several days to decrease shock to young seedlings. Pots were thinned to 
one individual per pot on June 9 (time zero), the thinned seedlings were carefully harvested from 
the pots to establish initial developmental differences between species. After germination was 
complete, pots were watered twice daily and fertilized weekly with 22 ml of an 80 ppm fertilizer 
(20-8-20 N-P-K with complete micronutrients). 
3.2.2. Seedling growth 
Three harvests were made during the course of the experiment, 45 days (harvest 1 ), 66 
days (harvest 2), and 93 days (harvest 3) from onset of experimental temperatures (June 9th). We 
examined needle, stem, and root mass fractions of total plant mass over time. All mass fractions 
were dried in a forced-air oven at 70°C. Mass fractions were used to calculate LMR, SMR, and 
RMR values (see Table 1 for definition and units). A sample size of eight individuals of each 
genetic treatment x temperature combination were harvested at each harvest date. Survival 
among treatments was near 100 % for the entire experiment. Relative growth rate (RGR) was 
calculated at each harvest interval to examine the differences in RGR over time. Relative growth 
rate (RGR mg g·' d- 1) was calculated from temperature x species means as: 
RGR =In (mass harvest+ 1) -In (mass harvest) 
t(harvest + 1) - t(harvest) 
3.2.3. Photosynthesis 
Light-saturated photosynthetic rates were determined at harvest 2 and 3 with aLi-Cor 
6200 Portable Photosynthesis System (Li-Cor Inc. Lincoln, Nebraska) that was calibrated against 
known C02 standards. Measurements were taken between 800h and 1300h on intact shoots 
bearing primary needles using an artificial light source (2200 J..lmol m·2 s·', Qbeam 2001, 
Barneveld, WI) on the day of harvest. On each measurement date, two measurements of C02 
assimilation were taken on three randomly chosen seedlings from each genetic treatment x 
temperature combination. Entire seedlings were carefully removed from the soil for gas 
exchange measurements due to problems with handling and sealing of the cuvette above small 
germinants. Removal of the seedling from the soil was made immediately before the 
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measurements were taken. These measurements were checked with measurements made on a 
small subset of seedlings not removed from pots. These rates did not differ significantly (t-test 
p>0.05). If a second flush of needles had occurred, the newly flushed needles were carefully 
removed prior to gas exchange measurements so that all measurements were based on similar 
aged foliage. Stem and needle dry mass were determined following drying at 70°C. 
Photosynthetic rates (A-max) were calculated on a leaf mass (A-maxmass (11mol C02 g leaf' s·')) 
and whole-plant mass (A-maxmass x LMR (11mol C02 g whole plant _, s ·'))basis. 
3.3. Statistical analyses 
A two-way analysis of variance (ANOVA) was used to test species and harvest treatment 
effects on seedling biomass (total aboveground biomass, needle mass, and stem mass). Treatment 
replicates were considered experimental units and the individual seedlings were considered sub 
samples for these analyses. Tukey Kramer Honestly Significant Differences (HSD) was used to 
test for differences among treatment means. We then analyzed the individual and combined 
effects of environmental variables on biomass using multiple linear regression. In this situation, 
individual seedlings were considered experimental units for these analyses and harvest treatments 
were pooled. Natural logarithm transformations of the biomass data were used because it resulted 
in homogenous variances and better linear fit for correlation analysis. 
Photosynthesis response data was examined using 2-way ANOV A to test for the effect of 
species, date, and overstory density. A three-way ANOV A could not be used due to lack of 
degrees of freedom. The measurement day 217 was removed from all photosynthesis analyses, as 
rates of A-maxmass, in almost all cases, were twice as low as previously measured rates. This time 
period coincided with a period of above average hot and dry weather. We assumed that seedlings 
were responding to drought as rates of A-maxmass increased to previous levels following cooler 
and wetter weather. Ordinary least squares (OLS) regression was used to examine the effect of 
soil temperature on rates of photosynthesis within dates ( overstory categories pooled) and within 
overstory categories (dates pooled). 
For the field seedling data set, multiple regression model building was carried out as 
follows . The distributions of all variables were closely examined to look for outliers and linear 
relationships between variables. Pearson product moment correlations between response 
variables (i.e. growth) and environmental variables were examined. All environmental variables 
with rxy > 0.25 with any response variable were included in the model building process. Model 
building was done using all possible sub-sets regression. Final models were selected using a 
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combination ofR2 difference tests and substantive theory (Zumbo 1997) based on a broad 
literature review. Several of the explanatory variables did not meet the assumption of normality 
for regression, for example, the distributions ofGLI and our competition index (CI). We chose 
not to transform these data for two reasons, firstly transformation did not improve our R2 value, 
and secondly the distributions of these variables reflect how they occur in the field. For the 
growth variables (diameter, height, and biomass) we used a natural log transformation to linearize 
the relationship. All other assumptions for regression were met. To begin the process, at-test 
was conducted to establish if there were size differences between the two species and to set the 
precedent whether further analyses should be conducted separately for each species. This 
decision is partially based on theory as these species have different silvical characteristics that 
will result in them responding in different ways to the harvest treatments. 
The final multiple regression model did not include type of harvest treatment as a 
predictor variable (i.e. harvest treatments were pooled). Our reason for doing this is as follows. 
We assumed that the effects of light and soil temperature on seedling growth were continuous and 
that variation within and among harvest treatments would result in continuous variation in light, 
soil temperature, and growth. In all, we were most interested in the effects of a continuous range 
of canopy densities on growth. Thus, we pooled all three harvest treatments for the multiple 
linear regression. At the same time we recognized that the three harvest treatments resulted in 
generally different environments (as indicated by our index of light, Gap Light Index (GLI)). 
Since the environmental variables and harvest treatments are confounded we labeled harvest 
treatment types with different symbols in plots of actual vs. predicted values from our multiple 
linear regression model. 
For the soil nitrogen experiment, values from each of the positions (0 m to 24m) along 
the transects within each site were composited to obtain a median for each harvest treatment. 
These values excluded data from the -8 m sample points as these locations are outside the 
harvested block and thus do not represent the conditions within the assessment plots. The 
variances among harvest treatments were unequal, and transformations of the data did not make 
the variances uniform. Therefore, median values rather than means are presented. Medians of 
the shelterwood and patch-cut were compared using non-parametric Kolmogorov-Smimov tests. 
Relationships between environmental site parameters and soil nitrogen values were assessed 
using Spearman rank correlations, which is insensitive to non-normal data distributions. 
No tests of significance were performed on the greenhouse data due to lack of replication. 
Correlation analysis was performed to examine relationships among plant traits. All analyses 
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were completed using statistical software JMP (SAS Institute, Cary, NC.) or Statistica (Statsoft 
Inc., Tulsa, OK.). 
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4.0. RESULTS 
4.1. Field study 
4.1.1. Seedling growth characteristics 
Large differences in seedling growth were found between the three harvest treatments. In 
general, height, and basal diameter of seedlings of both species in the clear-cut were almost twice 
that of seedlings in the shelterwood (Table 2). Subalpine fir seedlings had significantly greater 
height and diameter than Engelmann spruce in the patch-cuts and shelterwoods (Table 2, p<0.05) 
thus for further analyses the two species were separated. 
Seedlings harvested for aboveground biomass and total biomass exhibited similar trends. 
On average, seedlings from the clear-cut treatment were four times greater in biomass than those 
in the shelterwood (Table 2, 5). The main effects of species and harvest type were significant for 
total aboveground, needle, and stem mass (ANOVA, p<0.0001 , Table 3) except that needle mass 
was not significantly different between species (p=0.461, Table 3). 
For excavated seedlings, proximity to residual tree boles strongly affected seedling size 
(ANOV A, p<O.OOO 1 in all cases, Table 4) but species effects and interactions were not significant 
(p>0.1 0). The lack of significant species effects and interactions could be attributed to the small 
sample sizes (N=30, Table 4). Despite insignificant interactions, the differences in the response 
of the two species to position close to mature trees showed interesting trends (Table 4) . For 
Engelmann spruce, a dramatic increase in needle mass was observed with the small increase from 
distance to tree bole and then to open grown seedlings in the clear-cut (> 100 m, Table 5). LMR 
also showed a large increase from <2m to >2m and <5 m category but there was little difference 
in LMR between the >2m and <5 m and seedlings in the clear-cut, although actual leaf mass 
almost tripled (Table 5). Trends in root mass were similar. In general, subalpine fir behaved 
similarly to Engelmann spruce but the responses were smaller (Table 5) compared to the three-
fold increase observed in Engelmann spruce. 
4.1.2. Fertilization 
Fertilization did not affect any of the growth parameters measured (basal diameter, 
height, aboveground biomass) for either species (p>0.15). Thus for the remaining analyses, the 
two fertilizer treatments were pooled. Although no growth response to fertilization was detected, 
fertilizer increased foliar nitrogen concentrations for both species (t-test, Engelmann spruce 
t(44)= 2.0 15, p= 0.050, subalpine fir t(51)= 2.891 , p= 0.0056). Foliar concentrations for 
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unfertilized and fertilized seedlings are shown in Table 6. In general, the lowest concentrations 
of foliar N were observed in seedlings planted close to mature trees ( <2 m), and foliar N 
increased significantly with decreasing competition (CI) (R2=0.19, p<O.OOl), as well as with 
small increases in distance from mature trees (Table 6). 
4.1.3. Environmental variables 
The silvicultural harvest treatments resulted in three different average light environments, 
as well as different soil thermal and N environments (Table 7). Variation in soil temperature was 
greatest in late May, after snowmelt in all areas had occurred. Over the majority of the growing 
season, soil temperature varied little (Table 8). In general, the coldest and most seasonally 
variable soil temperatures were observed in the shelterwood, which coincides with the greatest 
amount and variation in overstory coverage. In contrast, the clear-cut had the warmest soil 
temperatures and the lowest variation in soil temperature. Our measurements of soil moisture 
were similar in all three harvest treatments (p>0.05) and did not vary between June and July 
(Table 7, p>0.05). As expected, our competition index (CI) was greatest in the shelterwoods and 
along edges in the patch-cuts. 
4.1.4. Nitrogen mineralization and dissolved organic nitrogen production 
We found differences in patterns ofKCl extractable pools and production rates ofN03--N 
and NH/ -N between the two measurement periods (May-June and July-August) but not between 
the two partial-cut treatments (Table 7). Median values ofKCl extractable N03--N and NH/ -N 
(Table 7) were significantly greater in May than July (p<O.OOl for N03--N, p<0.025 for NH/ -N) 
and generally increased from shelterwood<patch-cut<clear-cut in May. Nitrification rates in 
July-August were several times greater than in May-June (p<O.OOl). However, ammonification 
rates were similar for both incubation periods (p>O.l 0). Rates of ammonification and nitrification 
were not different between the shelterwoods and patch-cuts (Table 7, p>O.l 0); the clear-cut could 
not be compared due to the large differences in sample sizes. The median values of extractable 
dissolved organic nitrogen (DON) were one to two orders of magnitude greater than KCl 
extractable mineral N and showed no significant difference between harvest treatment type 
(p>O.ll ). Similarly, mean rates of DON production were several times larger than both 
ammonification and nitrification with no significant difference between harvest treatments 
(p>O.lO). 
27 
The dynamics of KCl extractable mineral N and DON show interesting trends within 
each harvest treatment. Extractable pools of the three nitrogen indices, at both measurement 
periods, were examined along transects from within the mature forest ( -8 m) into the block 
openings (Table 9). In general, extractable pools ofN03--N increase with increasing distance into 
the block opening in the shelterwood and patch-cut. This trend was stronger in the early summer 
than in later summer. In the shelterwood, values for extractable NH/-N are fairly similar along 
the transects in the early summer, but values decreased substantially with distance in the second 
measurement period, whereas, in the patch-cuts, pools of extractable NH4 +-N show no trend. 
Large standing pools of DON were found in the shelterwood within the mature forest (-8 m) and 
along the block edge (0 m) with a profound decline at sample points in the block opening. Values 
for DON, however, did not vary with distance in the patch-cut. This is similar to the findings of 
NH/-N, which also showed no effect of edge or mature forest in patch-cuts. In the clear-cut, 
values exhibited a weak trend with distance for all nitrogen indices. However, distance into the 
block opening in this case is meaningless since there is no edge effect or mature trees in the 
vicinity, thus values along these transects simply show the degree of spatial variability in 
available N (N03--N, NH/-N, and DON) that occurs. We found no relationship of extractable N 
or DON with the overstory density of residual trees (i.e., as a function of our competition index 
(CI) or basal area). 
4.1.5. Models of seedling growth as a function of resource availability 
4.1.5.1. Environmental variables 
For individual seedling data, which included all three harvest treatments and two 
fertilization treatments pooled, height, diameter, and ring width increment were all highly 
correlated with light availability and soil temperature. However, light and soil temperature were 
themselves correlated (Table 1 0). For instance, GLI was highly correlated with basal diameter 
for spruce and fir (rxy= 0.68 and 0.63, p<O.OOl respectively), but also with soil temperature 
(rxy=0.54, p<O.OO 1 ). There also was a significant relationship between light availability (GLI) 
and the CI (R2=0.58, p<O.OOOl). Notably, this relationship includes data from the clear-cut, 
which has a CI of 0. 
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4.1.5.2. Seedling response 
With a multiple linear regression, 55% of the variation in basal diameter for Engelmann 
spruce was explained by the combination of GLI and mean growing season soil temperature 
(Table 11). From this model, GLI accounted for 20% of the unique variation in diameter, 
whereas soil temperature accounted for only 9% of the unique variation. Thus, these two 
variables together have a summed unique variation of 29%, however, given that GLI and soil 
temperature are themselves correlated, they share 26% of the remaining explained variation in 
seedling diameter. Model results were similar, but weaker, if approximate stem volume 
(diameter2 x height) or height were used instead of diameter in the model. Thus hereafter, we 
focus on diameter as an index of growth. 
For seedlings of subalpine fir, the competition index (CI) was found to be a better 
predictor of growth than GLI (Table 11 ). The most suitable model explaining variation in growth 
included CI and mean soil temperature as predictors, and in this case the CI accounted for over 
half (29%) of the total amount of explained variation, R2=0.459 (p< 0.0001, Table 11). Once 
again, given the strong collinearity between predictor variables, mean soil temperature 
contributed to only 8% of the unique variation in this model. A model including GLI and soil 
temperature as the main predictors, such as the one used previously for Engelmann spruce, had an 
R2=0.422 (p<O.OOOl, Tablell) and both GLI and soil temperature terms were significant. On 
account of the high collinearity among variables, our ability to explain a greater amount of 
variation in growth is reduced, as the predictive powers of our variables are restricted. 
Furthermore, we found models with more than two variables did not account for significantly (p< 
0.15) more variation in either species (data not shown). 
For a smaller data set than seedling diameter (N=512), we determined which 
environmental factors explained the most variation in aboveground biomass (N= 198). Overall, 
results were similar to the models for basal diameter. However, for seedlings of Engelmann 
spruce GLI alone explained 50.8% (p< 0.0001) of the variation in biomass, and GLI and soil 
temperature together explained 56.3% (p<O.OOOl), with GLI accounting for 28% of the unique 
variation in aboveground biomass. For subalpine fir seedlings, GLI alone explained 56.3% 
(p<O.OOO 1) of the variation in biomass, and soil temperature alone explained 21.8% (p<O.O 1) of 
the variation in aboveground biomass (data not shown). However, GLI and soil temperature 
together explained 56.4% (p<O.OOO 1) of the variation in biomass of subalpine fir seedlings, 
indicating once again the large degree of collinearity between the two variables. In both species, 
there were strong linear correlations between needle mass and GLI (rxy = 0.73, 0.77, p<O.OOl 
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Engelmann spruce and subalpine fir respectively) and soil temperature (rxy = 0.55 and 0.47, 
p<0.001 data not shown). 
The type of harvest treatment was not included as a predictor in the regression models as 
it is confounded with both light (GLI) and CI measurements. For example, if harvest type was 
included, GLI and/or CI were no longer statistically significant predictors in the models. Instead 
we chose to show the relationship graphically (Fig. 1, 2) by labeling the 3 harvest treatments with 
separate symbols to visually show how the harvest treatments relate to light and soil temperature 
in the model. Interpretation of the figures will be discussed below. 
4.1.6. Photosynthesis 
4.1.6.1. Seasonal trends and overstory influence 
Light-saturated photosynthetic rates (A-maxmass) for the reduced data set (Julian days 189, 
233 , and 258) differed significantly between species (p= 0.004) but not measurement dates (p= 
0.457, Table 12). A-maxmass for both species were generally consistent until mid-September (no 
frosts had been recorded by this time, Bob Sagar personal communication) with Engelmann 
spruce having higher rates than subalpine fir 
To examine the effect of proximity to tree bole on photosynthetic capacity we pooled 
Julian dates 189, 233, and 258 in order to eliminate any empty cells in the design. Mean rates for 
these locations are given in Table 14. Within these three dates there was a significant main effect 
of both species (p= 0.003) and location (p<0.0001) (Table 12). No significant interactions were 
detected. Overall, A-maxmass of the edge seedlings were significantly lower than all other 
locations (p<0.05) for subalpine fir. For Engelmann spruce, A-maxmass of edge and treebole 
seedlings were not significantly different from one another or seedlings in the clear-cut but their 
rates were lower than seedling from the patch-cut (p= 0.005 for edge, p= 0.009 for treebole, Table 
13). 
4.1.6.2. Soil temperature and photosynthesis 
In general, the relationships between A-maxmass and soil temperature were poor, perhaps 
due to the dry summer and/or the limited variation in soil temperature recorded later in the 
season. Within dates (all locations pooled), little effect of soil temperature on A-maxmass was 
found with the exception of two dates. A-max mass was significantly related to soil temperature on 
the first measurement date (day 162) for subalpine fir, R2= 0.356 (p=0.002), and the last 
measurement date (day 258) R2= 0.11 (p=0.057) for Engelmann spruce. Examining the data 
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within location (all dates pooled) showed a somewhat stronger relationship. A-maxmass was more 
closely related to soil temperature for Engelmann spruce than for subalpine fir. In both species, 
this relationship was weak, accounting for less than 15% of A-maxmass variation. 
4.2. Greenhouse study 
4.2.1. Seedling growth and relative growth rate 
Developmental differences between species grown at different root temperatures became 
visible at the second harvest (66 days from the onset of the treatment temperatures). Both SMR 
and RMR increased with increasing plant dry mass, whereas LMR declined in all cases (Fig. 3). 
SMR increased substantially between the first and second harvest periods, whereas RMR 
increased the most between the second and third harvests. Both spruce genetic treatments 
exhibited a slightly higher allocation to leaves in the warmer root temperatures, whereas the 
opposite trend occurred for subalpine fir (Appendix 4). Subalpine fir had the lowest LMR, 
perhaps because fewer individuals had a secondary flush of needles as compared to spruce, and 
subalpine fir seedlings set bud earlier than either of the two spruce genetic treatments. Both 
spruce genetic treatments showed greater RMR in the cooler temperatures, whereas subalpine fir 
had slightly greater RMR in the 15°C treatment, where it constituted almost 50% of total biomass 
(Fig. 4). RMR was only significantly related to plant dry mass for subalpine fir (R2=0.49, 
p=0.0356). SMR was significantly and more strongly related to total plant dry mass (R2=0.779 
for spruce 850 m, R2=0.772 for spruce 1300 m and R2=0.737 for subalpine fir, all p<O.Ol) than 
either LMR or RMR for all species. The strong negative correlation between RMR and LMR (rxy 
= -0.97, p<0.0001) results from the developmental pattern where root and stem growth initially 
lag behind leaf development. 
Mean relative growth rate (RGR) decreased with increasing plant mass for all three 
species over the course of the 93-day study (Fig. 4). For Engelmann spruce, RGR varied the 
greatest in the 5°C treatment with high RGR early in the season and low RGR later on. For 
example, RGR for both spruce genetic treatments varied with time seven- and four-fold for the 
5°C and 10°C temperatures respectively. Furthermore, temperature effects on RGR were much 
greater later in the time course ( 45-66 days and 66-93 days) than earlier (0-45 days) in this 
experiment (Fig. 4). For subalpine fir, RGR was low compared to Engelmann spruce, but similar 
at all three treatment temperatures. However, total plant mass measurements in these treatment 
temperatures were greater than or equal to the spruce seedlings in the similar treatments (Table 
15). A possible explanation for the differences in RGR between the two species could be related 
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to time of bud set. Subalpine fir set bud much earlier than Engelmann spruce, late-July to early 
August, as compared to Engelmann spruce which generally set bud in mid to late-August. 
For all species combined, LMR was significantly and positively correlated with RGR 
(p<O.OOS) (Table 16). RGR for subalpine fir was less sensitive to low root temperatures than 
Engelmann spruce, but RGR of subalpine fir also exhibited the most rapid decline over the course 
of the study. For the two spruce genetic treatments, the S°C and 1 0°C treatment showed a steeper 
decline in RGR with time as compared to the lS°C treatment. Steep declines in RGR for 
Engelmann spruce in these two temperature treatments, as well as the overall low rates of RGR 
for subalpine fir in all three root temperature treatments, are due to lower LMR which maybe 
caused by two related factors: 1) seedlings setting bud earlier in the cooler treatments (i.e. 
secondary bud flush occurred more frequently for Engelmann spruce in the 1 0°C and lS°C 
treatments) and, 2) greater allocation to root development over leaf development (Appendix 4). 
Mass based photosynthesis as well as whole-plant rates of photosynthesis were found to be 
significantly and positively correlated to RGR and LMR (Fig. 6). Lower rates of net 
photosynthesis on a whole plant basis for subalpine fir seedlings were due to both a lower 
proportion of total plant mass in needles (Fig. 4) and lower leaf-based rates of A-maxmass· 
4.2.2. Photosynthesis 
Mean rates of light-saturated net photosynthesis on a mass (A-maxmass) and whole-plant 
(A-maxmass x LMR) basis were 1.8S to 2.S times greater in the lS°C than the S°C treatment, and 
1.47 to 1.86 times greater in the 10°C than S°C for both spruce genetic treatments (Fig. S). Like 
growth, net photosynthesis was less sensitive to soil temperature for subalpine fir than Engelmann 
spruce (i.e. 1.4 times greater at lS°C than S°C and almost no difference between l0°C and S°C). 
All three genetic treatments exhibited a slight increase in net-photosynthesis at the S°C treatment 
at the second measurement period perhaps indicating an acclimation to lower soil temperatures 
with time. 
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5.0. DISCUSSION 
Our results indicate that the large differences in growth of seedlings we observed within and 
among shelterwoods, patch-cuts, and clear-cuts were partly due to increasing canopy openness, 
which increased light and soil temperature. Conversely, we saw no evidence that soil N drove the 
growth differences among harvest treatments. We also observed some significant differences in 
growth between subalpine fir and Engelmann spruce, especially in the partial-cut harvest 
treatments where Engelmann spruce was smaller than subalpine fir. However, we found no 
significant differences in A-maxmass between species, with the exception that subalpine fir had 
marginally lower rates in the two more open areas, the clear-cut and patch-cut. 
5.1. Light and soil temperature 
The three silvicultural harvest treatments differed greatly as environments for seedling 
growth (Table 7). The largest difference between harvest treatments was in the amounts of 
mature trees remaining especially in terms of the residual basal area close enough to influence 
seedling growth. In the field study, of all the variables examined, light and soil temperature 
differed the most among treatments, and together these two variables explained the greatest 
proportion of variation in growth. The largest growth response to the three harvest treatments 
was total seedling mass. Red pine (Pinus resinosa Ait.) seedling studies have shown similar 
increases in biomass when seedlings were grown in open light compared to shaded conditions 
(Elliot and White 1984 ). Other studies have also reported large increases in growth with 
increasing light availability (Chen 1997, Johnson eta/. 1998, Williams eta/. 1999). 
We measured light in two different ways, first by using hemispherical photographs, 
which are both labor intensive and expensive, and second, by devising a competition index (CI) 
that takes into account distances and basal areas of trees within 10 m radius of the seedlings. The 
correlation between our two measurements was high (rxy= 0.77, p<0.0001, Table 9). However, 
one difference between the two measures may be that our estimate of CI does not take into 
account competition from shrub and herbaceous species like the photographs do. Differences in 
light availability (GLI) between the three harvest treatments are large, as values of GLI are 
46.27%, 67.43% and 96.96% for the shelterwoods, patch-cuts, and clear-cut respectively. Yet, 
although the shelterwoods receive nearly half of full light, growth of seedlings in these areas is 
sharply reduced compared to full light (clear-cut). Correspondingly, both species showed strong 
linear relationships between growth (basal diameter, height, and biomass) and GLI, as well as the 
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comparative CI (Table 10). Mean growing season soil temperature at a depth of7.5 em was also 
strongly related to growth for both species (Table 1 0). 
5.2. Seedling growth response model 
Light and soil temperature as predictors in our linear regression models explained 42-
55% of the variation in basal diameter. Thus, with just these two predictor variables, we can 
account for nearly half the variation in growth in a complex environment. Our inability to 
account for further variation in growth through modeling may be attributed to several factors. 
Firstly, we chose to pool all three harvest treatments in the analysis in order to examine the 
influence of environmental parameters over the range of canopy cover densities in the trial. The 
regression equation underestimates growth for some of the larger individuals in the clear-cut and 
patch-cut. One potential explanation is that these seedlings are generally situated in areas where 
soil temperatures were in the upper quartile (i .e. areas of generally warmer soil; opening of patch-
cuts and clear-cuts), and are perhaps in a phase of growth that the remaining of our sample 
population has not yet reached. Or these could also be faster growing genotypes as these 
seedlings represent the largest seedlings from our measurement population. A second factor that 
may have limited out ability to account for variation in growth could be the exclusion of soil 
variables that could have influenced growth. We did anticipate some relationship between 
growth and soil moisture availability based on previous results from another similar study in the 
Interior Cedar Hemlock Forest of the Skeena Region (Walters and Lajzerowicz, unpublished 
data). However, soil moisture content changed little throughout the summer of 1998, and no 
significant differences were detected between harvest treatments (p>0.1 0, Table 7). The lack of 
correlation with soil moisture could be attributed to large seedlings having adequate root systems 
to access moisture from a larger soil volume than smaller seedlings. Furthermore, growth reflects 
responses to climatic and edaphic conditions for the six previous growing seasons as well. 
Therefore, there is some error in predicting growth from growing season environmental data from 
one year, especially since physiological effects on growth may carry over from one season to 
another. For instance, drought stress and higher re~piration rate~ma Hse a reduction in growth 
the following year by reducing carbohydrate reserves (Kozlowski and Keller 1966). 
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5.3. Low soil temperature effects on photosynthesis 
Overall, rates of A-maxmass for both species were relatively high and uniform over the 
course of the growing season (Table 13). It appeared that once soil temperatures were above 8°C, 
A-maxmass was no longer strongly influenced by soil temperature. This could account for our low 
correlation between rates of photosynthesis and soil temperature. However, we also found very 
little variation in soil temperature among the measurement periods, which could also decrease the 
possibility to evaluate the strength of association. The effect of low soil and air temperatures on 
photosynthesis has been well studied and effects can be both direct and indirect. 
Our results from the greenhouse study show, over a broader range of soil temperatures 
than observed in the field, a pronounced effect of root temperature on growth as well as A-
maxmass, and the effect was stronger for Engelmann spruce than for subalpine fir. As shown, A-
maxmass in the 15°C treatment were 1.3 and 2.5 times greater than rates in the 10°C and 5°C 
treatment respectively (Fig. 5) for Engelmann spruce. Direct effects of low air temperatures on 
the photosynthetic apparatus include damage to chloroplast structure (Senser and Beck 1977), 
chlorophyll content (Martin eta/. 1978), photosynthetic enzyme activity (Oquist and Huner 
1990), and photosynthetic electron transport (Martin eta/. 1978, Oquist and Huner 1990). At low 
soil temperatures, increased water viscosity and decreased root permeability result in reduced root 
conductance of water (Kaufmann 1975, Running and Reid 1980, Kramer 1983, Day eta/. 1989, 
DeLucia eta/. 1991), which is thought to reduce stomatal conductance and net photosynthesis. 
The root temperatures chosen for the greenhouse experiment represent soil temperatures common 
over the course of the growing season in the field so that the results can be extrapolated to field 
conditions. For instance, for the 1998 growing season, soil temperatures in the clear-cut and 
opening of the patch-cut were generally above 1 0°C by mid- to late June. However, in areas with 
greater canopy cover, soil temperatures are several degrees cooler and the soil takes longer to 
warm following snowmelt. Therefore, C02 assimilation and carbon production for seedlings in 
these areas could be limited by low rates of net photosynthesis for a greater proportion of the 
growing season, as compared to seedlings in the more open environments. This may partially 
account for the differences in size and growth observed between these areas (Table 2). 
Furthermore, given that photosynthesis is limited at or below soil temperatures of 1 0°C, other 
developmental mechanisms and/or processes influencing growth may also be restricted, such as 
cell growth, elongation, division, or cell differentiation (Komer 1998). 
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5.4. Seedling growth and morphology 
Differences in size of seedlings and allometric relationships between species were 
apparent in both studies. These differences can then be translated into differences in growth 
observed between the two species. For instance, variation in RGR and net photosynthesis was 
closely associated with species ability to grow at low root temperatures and differences in mass 
allocation. Over the course of the experiment, both genetic treatments of Engelmann spruce had 
higher RGR than subalpine fir at all three root temperatures. However, Engelmann spruce 
exhibited a definite decline in RGR with increasing plant size at the two lower root temperatures 
(Fig. 4). Subalpine fir, however, had steady rates ofRGR at all three root temperatures (Fig. 4). 
This difference in rates ofRGR between the two species can be explained by several factors. For 
instance, subalpine fir possesses several traits associated with low RGR, including large seeds 
and very high shade tolerance (Reich et al. 1998). Subalpine fir also invests a greater proportion 
of biomass into roots than needles, which has a significant negative effect on whole-plant 
photosynthetic rates as compared to Engelmann spruce (Fig. 3). On the other hand, greater 
investment in LMR by Engelmann spruce enhances rates of whole plant photosynthesis and thus 
RGR (Reich et al. 1998). 
Overall, we observed the greatest variation in growth, morphology, and phenology in the 
shelterwood, which in this study corresponds with the lowest and greatest variation in soil 
temperatures (Table 8). Several other studies have shown that shade-tolerant species grown in 
low-light conditions exhibit changes in crown morphology and phenology (Parent and Messier 
1995, Chen 1997, Williams et al. 1999). We found that seedling biomass was highly variable 
within the shelterwood as seedlings close to mature trees (<5 m) were much smaller than those 
more distant (Table 5, Appendix 5, 6). As previously stated, with increasing light availability, 
plants have been found to allocate more biomass to the aboveground component, especially 
leaves to increase photosynthetic leaf area and hence photosynthetic capacity (Chen 1997). 
However, species have unique patterns of allocation (Oliver and Larson 1990), and we observed 
differences in response by the two species to variation in overstory density. For example, 
Engelmann spruce exhibited a more significant increase in shoot:root patterns in response to 
increasing light availability, in particular an increase in needle mass (both LF and LMR), as 
compared to subalpine fir (Tables 2, 5). Bali sky and Burton ( 1997) found a similar response, 
where increasing shoot biomass for Engelmann spruce corresponded to increasing soil 
temperature. This response of increasing aboveground mass with increasing light and/or soil 
temperature has been reported for a number of conifers (Lopushinsky and Max 1990). The 
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smaller response in both mass and shoot:root ratio patterns by subalpine fir is comparable to 
several controlled environment studies in which more shade tolerant compared to less tolerant 
species were found to have: 1) less biomass increase in high- compared to low-light conditions, 
and, 2) lower allocation to leaves than shade intolerant species (Walters et a!. 1993 b, Kitaj ima 
1994 ). Although Engelmann spruce is a shade tolerant species, several other studies have 
reported better growth for shade tolerant species, including spruce, in more open light conditions 
(Caza 1991, Comeau eta!. 1993, Walters eta!. 1993a,b, Walters and Reich 1996). In general, 
subalpine fir appears to be more tolerant to low soil temperatures and low light conditions than 
Engelmann spruce and these findings are similar to those found by Feller (1998). Feller (1998), 
in a study of naturally germinated seedlings of Engelmann spruce and subalpine fir in the Sub-
Boreal Spruce Zone and the ESSF of interior B.C., also found that subalpine fir growth tended to 
be less influenced by environmental parameters than Engelmann spruce. Both studies showed 
that of all the environmental variables measured, growth of Engelmann spruce was most affected 
by light and soil temperature and in our case, patterns in the greenhouse were similar to those 
found in the field study. 
5.5. Effect of proximity to mature trees on seedling foliar N and 
morphology 
In general, proximity to tree bole had large effects on size of seedlings (growth), 
A-maxmass, and foliar N content. It appeared that seedlings in the shelterwoods and patch-cuts are 
under strong competition from neighboring mature trees for a variety of edaphic resources such 
that multiple resources (water and/or nutrients) may limit growth and photosynthesis of seedlings. 
Walters eta!. (1993a) suggested that there is some evidence that shortages of edaphic resources in 
addition to light periodically, or chronically, limit plant growth in forest understories. Further, in 
dimly lit understories, Walters and Reich (1997) found greater light saturated photosynthetic rates 
of Acer saccharum Marsh. on richer than poorer sites. Thus, our lower rates of A-maxmass of 
seedlings of both species close to tree boles could in part be due to lower availability of one or 
several resources. This would also account for lower foliar N status of seedlings in these areas. 
Man and Lieffers ( 1997) also reported lower rates of net photosynthesis for white spruce saplings 
in the understory as compared to open grown saplings and attributed the lower rates to increased 
competition with neighboring mature trees for nutrients and water. 
The largest difference in growth patterns between the two species apparent in both 
studies was the greater allocation to root mass by subalpine fir in the shelterwoods (Table 5, Fig. 
4). Similarly, the most significant influence proximity to mature tree(s) had on seedling growth 
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was in decreasing allocation to root mass. For example, actual root mass was 7.8 and 2.8 times 
greater in the clear-cut than for seedlings <2 m to mature trees for Engelmann spruce and 
subalpine fir respectively (Appendix 5.1, 5 .2). In the greenhouse, at 5°C and 1 0°C, subalpine fir 
had 32 to 48% of its biomass in roots (Fig. 4). Adaptations ofplants to diverse edaphic 
conditions can include physiological changes that will increase plant fitness. For instance, 
Walters and Reich (1996) suggested that the high RMR of Quercus rubra L. might be a 
competitive advantage in conditions where other factors limit growth and survival more strongly 
than light. In cold soils, water and nutrient uptake and movement through root systems are 
reduced as a result of increased viscosity of water, decreased permeability of root membranes, 
and increased root resistance (Bassman 1989 and references therein). Day eta/. (1989) found 
saplings of Engelmann spruce in high elevations had roots that extended in directions towards 
open, snow-free, areas perhaps to access warmer soils in these areas. In general, seedlings from 
more open areas with greater root mass have the ability to access a greater volume of soil for both 
nutrients and water as compared to seedlings adjacent to mature trees with stunted root growth. 
The greater root mass and root surface area of subalpine fir seedlings compared to Engelmann 
spruce may help to overcome limiting factors in areas of high competition and seasonally cold 
soils. This adaptation (and type of strategy) may account for its greater success in the understory 
of mature forests . 
5.6. Fertilization and seedling growth 
After two growing seasons, the addition of nitrogen fertilizer had no significant effect on 
growth (increase in basal diameter, height, and biomass), suggesting that productivity of this area 
is not limited by N. Furthermore, our measured rates ofN mineralization were quite high in 
comparison to a similar study (Prescott 1997). The lack of growth response to fertilization we 
observed has been reported in several similar studies (Munson eta/. 1993, Brockley 1992, Weih 
and Karlsson 1997). For example, in a fertilization study on Betula pubescens Ehrh. spp. 
tortuosa (Ledeb.) Nyman seedlings in the subarctic, Weih and Karlsson (1997) found an increase 
in seedling nitrogen pools but no detectable increase in biomass. Our study, as well as others, in 
both cold continental and temperate systems, reports an increase in foliar N concentrations 
following fertilization, but little or no growth response (Chapin eta/. 1987, Bowman eta/. 1993, 
McKinnon et a/. 1998). A partial explanation to this phenomenon is given by Komer and Larcher 
(1988) who ascribed the natural higher nitrogen tissue concentrations of plants at the upper limits 
of their distribution as a mechanism of keeping growth under control in a marginal environment. 
This may be an adaptive mechanism by plants in these harsh areas where an increase in growth 
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(carbon investment) following a pulse of nutrients may not be sustainable. An increase in carbon 
investment requires an increase in maintenance costs (such as respiration) by the plant. 
Furthermore, if the growth response is to a limited resource, it may create a risky situation in 
terms of survival for the plant in the long run. However, the lack of response we observed could 
also be attributed to several other factors. For instance, it is understood that growth of white 
spruce, and similarly Engelmann spruce, in any given year, is partially pre-determined by factors 
(e.g. environment, resource availability) present the preceding year (Brix 1981, Nilsson and 
Halgren 1993). Also, a conservative growth response to increasing nutrient availability has been 
previously documented in white spruce (Munson et al. 1993). However, following two years of 
fertilization, we did expect to see a response, especially in the smaller seedlings that appeared 
chlorotic, as many studies have reported the successful use of fertilization in north-central B.C. 
(Brockley 1990, 1992, Brockley and Sheran 1994). For seedlings in stressful areas, some studies 
have shown the nitrogen content of a plant to increase under stress; however, growth was still 
reduced (Karlsson and Nordell 1989, Weih and Karlsson 1997). In an area with a short growing 
season and several environmental constraints, the amount of time it takes a seedling to overcome 
the previous environmental situation and respond to the manipulation is not known and may 
require several years. 
Fertilization did result in a ;-ignificant increase in foliar N concentration (p<0.05, Table 
6). According to Ballard and Carter (1986), who examined the nutrient status of forests within 
British Columbia, foliar N concentrations for our unfertilized Engelmann spruce seedlings were 
in the range of severe to moderate deficiency (1.05 to 1.3%, dry mass basis), and the fertilized 
seedlings were barely in the range of foliar concentrations that indicate an adequate supply of 
nitrogen (1.55%). According to other published foliar diagnostic criteria for white spruce, mean 
foliar N concentrations of 0.86% to 1.26% are considered severely deficient (van den Burg 1985, 
1990). Although the critical value for foliar N has not been firmly established, the general range 
of values we observed are considered to be in the low range where growth is reduced by 
deficiency (Munson et al. 1993). A report by Monchak (1982) on management of subalpine fir 
advanced regeneration estimated that optimum foliar N concentration of subalpine fir to be 
>1.2% and moderate deficiencies occur at concentrations of 1.2% to 0.975% (dry mass basis). 
Subalpine fir appears to have better N status than Engelmann spruce as most of our seedlings' 
foliar N concentrations indicate an adequate supply ofN. Also, chlorotic foliage was more 
frequently observed in Engelmann spruce seedlings than subalpine fir. This difference in foliar N 
content may be explained in two ways. On one hand, subalpine fir was found to have overall 
greater allocation to root mass as compared to Engelmann spruce for the benefit of increased soil 
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exploitation for resource acquisition. On the other hand, Engelmann spruce had significantly 
greater needle mass. Hence, foliar N may be diluted in Engelmann spruce due to the difference in 
needle mass between the two species. 
5.7. Effect of canopy density on light and thermal environment 
The relationship between residual, post-harvest canopy density (penetration of light) and 
soil temperature was apparent in this study. Collectively, the strong positive relationship between 
GLI and mean growing season soil temperature (rxy= 0.54, p<O.OOOl) and strong negative 
relationship between CI and soil temperature (rxy = -0.44, p<O.OOO 1) indicate that residual canopy 
cover negatively impacts the soil thermal regime for plant growth. Furthermore, in the clear-cut, 
we found the least amount of variation in soil temperature both within the three harvest 
treatments, as well as over the course of the growing season, and the most rapid warming of the 
soil (Tables 7,8). Whereas, the greatest amount ofvariation within harvest treatment and growing 
season was observed along patch-cut edges, within the shelterwood, in areas of dense and 
overtopping vegetation of shrub species. Our data agrees with other studies reporting strong 
relationships between vegetation architecture, foliage density, and soil temperature (Coates eta/. 
1991, Bali sky and Burton 1997). Although light levels within the partial-cut treatments are above 
the compensation point for photosynthesis (60-80 quanta m·2 s·') for both species (Alexander et 
a/. 1984), if seedlings are in a stressed state, they may require more light for adequate growth. 
Previous studies have shown that under stressed conditions, limitations by other factors such as 
nutrients and water, as well as the effects of grazing, can increase the light requirements of a 
seedling (Jarvis 1964, Messier and Puttonen 1995). From our results, we suggest that light is a 
critical factor for growth in these areas and seedlings over the entire range of light environments 
we measured are light limited in areas with dense canopy overstory. Moreover, the penetration of 
light to the seedling layer is important not only for photosynthetic purposes but also perhaps more 
importantly as a source of heat energy. The differences in soil temperature we found between 
harvest treatments are directly related to the amount of solar radiation penetrating to the forest 
floor. In general, but especially in high latitudes and elevations, there exists a tight coupling 
between light and temperature (air and soil) (Komer 1998). This situation is evident in our study 
and makes it difficult to separate out independent effects of the two factors on seedling growth. 
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5.8. Soil nitrogen dynamics and relationships to harvest treatments and 
seedling growth 
KCl extractable mineral N, nitrification, and ammonification were greatest in the clear-
cut and similar and lower for the patch-cuts and shelterwoods (Table 6). Increased nitrification 
and availability ofN03--N in clear-cuts over less disturbed areas has been reported in several 
studies (Vitousek eta/. 1979, Walley eta/. 1996, Prescott 1997). Prescott (1997) suggested that 
the greater availability ofNH/ -N in the clear-cut stimulates nitrification resulting in the higher 
N03.-N concentrations. The greater availability ofN03.-N in the clear-cut and the larger 
openings along transects (Table 8) could also be attributed to a decrease in N03.-N 
immobilization and assimilation by the microbial populations, perhaps due to quality of the C 
substrates or diminished microbial biomass (Prescott 1997). We did find a weak relationship 
(rxy=0.24, p<0.01) between soil temperature and rates ofN production, indicating that areas with 
greater penetration of solar radiation and warmer soil temperature might have higher rates of 
production. 
The higher extractable pools ofN03.-N and NH/ -N we found early in the growing 
season could be related to low plant uptake at this time of year (Morecroft et a/. 1992). Uptake of 
N increases by plasnts later in the growing season, which would coincide with low concentrations 
of available N in the soil at this time. The lack of relationship between available N and rates of 
mineral N production with our CI and basal area measurements are similar to what Prescott 
( 1997) found in a coastal montane forest. She suggested that N mineralization could not be 
predicted from the amount of basal area removed. In general, N mineralization was similar and 
extractable inorganic N pools higher, than those reported in other conifer dominated and/or cold 
systems (Vitousek eta/. 1982, Mattson and Boone 1984, Zak eta/. 1994, Chappel eta/. 1999, 
Jaeger and Monson 1999, Stottlemyer and Toczydlowski 1999). Relatively high extractable N 
pools combined with the unresponsiveness of seedling growth to N fertilization suggest that soil 
N availability, the primary factor limiting seedling growth, is not limiting in this silvicultural 
system. 
Organic nitrogen is a major fraction of the soil nitrogen pool which can be mineralized by 
the microbial biomass and thus contribute to crop nutrition (Mengel 1996). However, recent 
studies have shown the ability of plants to directly take up organic forms ofN such as amino 
acids (Kielland 1994). Therefore, the importance of examining the dynamics of this pool is 
becoming increasingly important as this is a potentially large pool for both direct uptake, as well 
as predicting potential mineralization (and N availability) of soils. We found that concentrations 
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and rates of production of DON to be several orders of magnitude larger than mineral N and did 
not differ between the three harvest treatments. However, differences in standing pools and rates 
ofN production showed slight increases in the shelterwoods, to the patch-cuts, to the clear-cuts, 
as well as with openings along transects. The greater standing pools of DON in the clear-cut 
could be attributed to several factors. One of which is the effect of harvesting on shifts in 
colonizing and understory species as the quality of the C substrate of the litter directly affects the 
organic N fraction. For instance, Mengel ( 1996) stated that" the fate of organic N incorporated 
into soils very much depends on the type of organic matter, particularly its nitrogen 
concentration". Thus the increase in herbaceous species in the clear-cut may also have an effect 
on differences inN availability as both the shelterwoods and patch-cuts are dominated by 
ericaceous shrub species that have high concentrations of tannins and phenol acids (Schimel and 
Chapin 1996). Similarly, these conditions should also apply to availability and production of 
mineral N in the soil. Overall, it appears that there are several potential reasons for greater 
available N for plant growth in the clear-cut and in areas with greater penetration of light for soil 
warm mg. 
5.9. Management implications and recommendations 
This study focused on quantifying differences in growth of planted seedli~gs within and 
among the three silvicultural harvest treatments and identifying the source and magnitude of 
growth limiting factors. The findings and management recommendations are restricted to 
artificial regeneration in shelterwood, patch-cut, and clear-cut harvest systems within the 
ESSFmml subzone. Large differences in seedling growth and regeneration potential were found 
between the three harvest treatments. These finding have important implications for management 
of high elevation areas. 
Overall, the clear-<i:ut shows good regeneration potential as growth of both Engelmann 
spruce and subalpine fir seedlings were several times greater than the two partial-cut areas. 
Because competition with brush appeared to be minimal in the clear-cut, growth rates in the clear-
cut are probably the maximum achievable in this environment. In contrast, although the use of 
partial cutting may meet several management criteria, their potential for tree regeneration in high 
elevation ESSF forests is less than in clear-cuts. Partial-cuts may have good conditions for 
regeneration and enhance early establishment, via protection from frost and desiccation. 
However, after six growing seasons, the differences in seedling size between open grown 
seedlings and those within the influence of mature retained trees were large. At this point the 
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initial benefits of canopy retention for frost protection and seedling water status were outweighed 
by their negative impacts on growth and survival. Seedlings of both species had two times 
greater height and basal diameter and four times greater biomass in the clear-cut compared to the 
shelterwoods. Within the shelterwoods, approximately 30% of the seedlings, especially 
Engelmann spruce, exhibited poor growth. These seedlings were generally situated in areas close 
to residual mature tree boles ( <5 m) and showed marginal increases in leader growth from year to 
year. Likewise, it was within these areas that we found a large number of dead seedlings 
(survival data not shown). Walters and Reich ( 1996) found a linear dependence of survival on 
growth rate within species. Furthermore, they found that in order for seedlings to survive in low 
light their growth rates needed to be maximized. The maintenance of positive growth (e.g. just 
above compensatory growth) was not enough to promote survival. From this we can interpret 
that many of the smaller seedlings within the shelterwoods and along edge of the patch-cuts will 
eventually die. 
Our results showed that both light and soil temperature are important factors in driving 
differences in seedling growth. In addition, the differences in soil temperature we found between 
and within harvest treatments were directly related to the amount of solar radiation penetrating to 
the forest floor. Thus, in high elevation areas, residual canopy cover strongly decreases growth 
because it decreases both light and soil temperature and light and soil temperature were both 
observed to be growth limiting over the range they were measured in the field. 
We saw no significant effect of fertilization on growth, however we did observe a 
significant improvement in foliar N status for both species. This increase in foliar N 
concentration may represent luxury consumption. Alternatively, although we did not yet observe 
an increase in seedling growth following fertilization, only two years had passed. In high 
elevation areas, it is possible that fertilization effects are delayed. Thus we can not rule out 
fertilization as a potential treatment to improve nutrient status of seedlings in high elevation ESSF 
forests. 
Some of the most compelling results were from excavated seedlings. These findings 
show the importance of adequate root mass for proper tree growth. In general, seedlings with 
adequate roots were, on average, larger and did not have chlorotic foliage. Furthermore, root 
plugs from the styroblocks of seedlings planted within 2 m of tree boles were still evident 6 years 
after planting (Appendix 6) . These trees had very small root mass, and very low growth rates of 
aboveground stem growth (terminal and lateral shoot growth). At soil temperatures less than 
1 0°C, root systems such as these, which are damaged or stressed, become a competing sink for 
carbohydrates, thus precluding shoot growth. Under these conditions, nutrients and water uptake 
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are often limited (Vapaavouri et a/. 1992) and could have a negative effect on N and water status 
even if environmental N and water availability is high. The difference in root allocation is the 
most significant growth-pattern difference we found between species and may account for the 
greater success of subalpine fir in forest understories. 
All told, the purpose of this study was to provide information on regeneration growth and 
productivity with three harvest treatments and how these results could be used in management of 
other high elevation trials. In terms of1promoting regeneration productivity we have several 
recommendations. Firstly, we suggest that harvesting should be in a more clumped pattern such 
that there are bigger openings to allow for light penetration to the regeneration layer. Much of 
total site net radiation in a closed canopy forest is lost to in evapotranspiration or dissipated in the 
overstory canopy (Dalton and Messina 1995). Furthermor~, many studies have shown that soil 
temperature and site heating is highly influenced by intensity and duration of incoming radiation 
on the soil surface (Holbo and Childs 1987, Coates eta/. 1991, Balisky and Burton 1997). Thus a 
harvest system with heavy overstory retention will have large implications on site factors at the 
seedling level. 
Our competition index is a measure that managers could use to estimate the degree that 
the remaining basal area is influencing regenerating seedlings. For example, a CI greater than 
600 mm2 m·' is similar to the situation we had in the shelterwoods where there was a strong 
influence of mature trees on the seedling layer. A CI in the range of 250 mm2 m·' represents the 
range of the patch-cuts where the strongest effect of retained canopy was along the edges of the 
blocks. In terms ofthe use ofshelterwood systems at high elevations within the ESSF, targeting 
a CI of 400-500 mm2 m·' may improve the seedling layer-growing environment as compared to 
heavier ov~rstory retention densities. If this is not possible, as previously suggested, the 
alternative is to harvest in a clumped pattern so the influence of the retained trees is more 
localized between more open areas. In the case of the patch-cuts, using a slightly larger opening 
size will increase the number (proportion) of seedlings doing well in the opening which may 
overcome the losses in growth that occur along the block edges where canopy influences are 
greater. Both the field and greenhouse results indicate that photosynthesis and growth are 
directly limited by soil temperatures within the range measured in the field, especially for 
Engelmann spruce. Hence, we suggest soil temperatures within harvest treatments should be 
maximized to the extent possible in order to promote adequate growth. In cooler areas where this 
is not possible, planting of subalpine fir may be more appropriate than the more temperature 
sensitive Engelmann spruce. Furthermore, we found that growth of seedlings planted close to 
tree boles was compromised and given this situation, foresters should consider allowing a 
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decrease in the stocking requirements of partial-cuts such that seedlings could be planted only in 
favorable areas where adequate growth can be expected. Also, within partial-cuts planting should 
occur in open areas and/or >5 m from retention trees where root growth can be promoted. 
Another option that might improve growth within the partial-cuts is to control the shrub layer 
vegetation, to increase soil temperatures and light. Competition has been found to reduce both 
crown development and stem growth (Comeau eta/. 1993). 
From our results, we suggest that canopy cover may have greater effects on growth than 
it does in many low elevation forest systems, since in high elevation systems, it creates both light 
and temperature limitations to growth. Partial cuts may satisfy a variety of management criteria 
and objectives such as visual quality, watershed protection, and wildlife habitat, however they 
exacerbate limiting growth conditions for the regeneration layer. Partial-cutting will also favor 
recruitment of subalpine fir over Engelmann spruce. If the regeneration layer within the partial 
cut treatments fails will this affect the overall productivity of the site or can this situation be 
tolerated within the management framework? Thus, in the shelterwoods, there is a trade off 
between other management objectives (including growth of the retained mature trees) and 
regeneration productivity. Given the importance of adequate light penetration, it is perhaps an 
option to delay planting of these areas until after the second entry and the overstory retention is 
decreased or to rely on natural regeneration. Also, if growth and density of the regeneration layer 
within the partial-cuts are not a critical management goal, then relying on natural regeneration in 
these areas would be more sound financially than using artificial regeneration. 
5.10. Future research work needed: 
• Longer-term fertilization study to determine unequivocally if these areas are N limited. 
• Examine other microsite and environmental variables and their affect on seedling growth 
e.g. moisture availability and water stress 
• Examine the influence of shrub and herbaceous competition versus residual trees on 
regenerating seedlings. 
• Investigate the presence of mycorrhizal associations and their impact on seedlings growth 
(mycorrhizae are thought to be strongly limited by soil temperature hence differences in 
harvest treatments may affect presence and growth of mycorrhizae ). 
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• Determine factors influencing root growth, patterns of root growth, and how to promote 
root growth and seedling vigor. 
• Further investigate other physiological growth processes that are affected by low soil 
temperatures (nutrient and water uptake, cell division and differentiation, meristematic 
activity) as well as acquire a better understanding of carbon balance at high elevation 
areas. 
5.11. Conclusions 
The results from both studies show that light and soil temperature conditions are two 
essential factors affecting growth of seedlings in high elevation areas. In fact, light and soil 
temperature combined to explain nearly half of the variation in basal diameter growth for both 
species. Since soil temperature is largely dependent on radiation, it seems light might be the 
decisive factor. We found that growth increases with increasing canopy openness from the 
shelterwood< patch-cut< clear-cut and that light levels in the patch-cuts and shelterwoods might 
be limiting for growth. Nitrogen availability may not limit growth as fertilization had no 
significant effect on growth, however it did improve foliar N levels of seedlings which were in 
the range of severe to moderate deficiency. Overall, photosynthesis and growth are directly 
limited by soil temperatures in the range observed in the field especially for Engelmann spruce. 
The success of growth of subalpine fir in forest understories may be a result of its tolerance to 
low light and cold soil temperatures. 
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Table 1. Environment and seedling characteristics with their acronyms and units of measure. 
Characteristics 
Global light index 
Competition index 
Nitrification 
Ammonification 
Acronym Units/Definition 
GLI % of available light 
CI (basal area/distance for all trees >2m 
within 10 m radius of each seedling) 
jlg NH/ -N g·' dry soil day" 1 
Dissolved organic nitrogen production DON jlg DONg·' dry soil day" 1 
Light saturated C02 assimilation (mass basis) A-maxmass 
Relative growth rate RGR 
Aboveground leaf fraction LF g leaf/(g leaf +stems) dry mass 
Aboveground stem fraction SF g stem/(g leaf+ stems) dry mass 
Leaf mass ratio LMR g leaf/g plant dry mass 
Stem mass ratio SMR g stem/g plant dry mass 
Root mass ratio RMR g root/ g plant dry mass 
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Table 2. Growth characteristics of Engelmann spruce (eight years old) and subalpine fir (nine 
years old) seedlings in three harvest treatments. Values are means± standard error (in 
parentheses) of harvest treatment replicates (N=3 for shelterwood and patch cut, N=2 for 
clearcut). LF (leaf fraction, g leaf/(g aboveground plant mass)). Means within columns followed 
by a common letter are not significantly different at p<0.05 . 
Species Harvest Inner basal Total height Aboveground LF 
diameter (mm) (em) biomass (g) 
Engelmann spruce Shelterwood 7.92d 49.14c 30.21cd 0.42bc 
(0.32) (1.74) (7.34) (0.02) 
Patch-cut 11.23c 71.49b 72.63bc 0.46ab 
(0.49) (2.96) (17.64) (0.01) 
Clear-cut 16.62a 93 .54a 163.48a 0.50a 
~0.60} ~4 .25} ~20 . 33} ~0 .001} 
Subalpine fir Shelterwood 10.10c 52.81c 41.35c 0.35cd 
(0.23) (1.82) (6 .53) (0.04) 
Patch-cut 13.13b 80.92a 87.39b 0.38c 
(0.40) (2 .81) (11.67) (0.01) 
Clear-cut 16.76a 90.52a 169.38a 0.40c 
~0.39} (2.41) (7 .24) (0.01) 
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Table 3. Analysis of variance for the effects of species, harvest 
treatment type, and their interactions on total above-ground biomass, 
needle mass, stem mass, diameter, and height. Natural logarithm 
transformations were used on the data prior to analysis; N= 192 for 
biomass data set and N=512 for diameter and height data set. 
Treatment effects 
Dependent Source Species Harvest Species x 
variable Harvest 
Total aboveground MS 3.973 42.959 0.423 
biomass Df 1 2 2 
F 9.664 104.480 1.028 
p 0.002 <0.0001 0.359 
Needle biomass MS 0.261 51.902 0.459 
Df 2 2 
F 0.546 108.731 0.963 
p 0.461 <0.0001 0.383 
Stem biomass MS 9.465 37.358 0.279 
Df 2 2 
F 23.420 92.432 0.691 
p <0.0001 <0.0001 0.502 
Diameter MS 3.121 14.881 0.548 
Df 1 2 2 
F 40.798 194.534 7.161 
p <0.0001 <0.0001 0.0008 
Height MS 0.634 14.577 0.103 
Df 1 2 2 
F 6.077 139.833 0.995 
p 0.140 <0.0001 0.371 
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Table 4. Analysis of variance for the effects of species, seedling 
position (<2m to mature tree, >2m and <5 m to mature tree, and 
> 100 m (clear-cut)), and their interactions on total seedling mass, 
needle mass, stem mass, and root mass. Natural logarithm 
transformations were used on the data Qrior to anal~sis, N=30. 
Treatment effects 
Dependent Source Species Position Species x 
variable Position 
Total biomass MS 0.261 9.192 0.425 
Df 2 2 
F 0.872 36.724 1.423 
p 0.359 <0.0001 0.259 
Needle mass MS 0.05 12.603 0.74 
Df 2 2 
F 0.118 29.676 1.741 
p 0.734 <0.0001 0.195 
Stem mass MS 0.652 8.741 0.235 
Df 1 2 2 
F 1.874 25.109 0.674 
p 0.183 <0.0001 0.518 
Root mass MS 0.568 6.915 0.566 
Df 1 2 2 
F 2.363 28.744 2.354 
p 0.136 <0.0001 0.115 
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Table 5. Needle, stem, and root mass and mass fractions for seedlings excavated at three 
distances from mature residual canopy trees, (<2m to mature tree, >2m and <5 m to mature tree, 
and > 100m (clear-cut)) in the fall of 1998. Values are means ofN=5 individuals± standard error 
(in parentheses). Definitions of abbreviations and units are in Table 1. Means within columns 
followed b~ a common letter are not significant!~ different at _e<0.05. 
Species Category Needles Stems Roots LMR RMR 
(g) (g) (g) 
Engelmann <2m to tree 7.58b 12.41b 7.33b 0.25bc 0.3la 
spruce (2.48) (2.79) (0.79) (0.03) (0.03) 
>2m and <5 m 26.39b 34.20b 16.16b 0.33ab 0.26a 
to tree (8.46) (11.74) (4.42) (0.0 1) (0.04) 
Clear-cut 76.14a 81.61a 57.47a 0.35a 0.27a 
{11.54} {12.00} {8.59) {0.01} {0.03} 
Subalpine fir <2m to tree ll .86b 21.85b 19.08b 0.22c 0.35a 
(2.62) (3 .02) (4.46) (0.03) (0.03) 
>2m and <5 m 12.22b 24.30b 16.57b 0.22c 0.32a 
to tree (2.62) (4.15) (2.95) (0.03) (0.02) 
Clear-cut 66.02a 99.87a 54.lla 0.30abc 0.24a 
{12.52} {15.89} {12.25) (0.02) {0.02} 
Table 6. Mean foliar nitrogen(%), from a composited sub-sample from a seedling's total 
needle mass, for fertilized and unfertilized seedlings of Engelmann spruce and subalpine 
fir from the three harvest treatments and two locations within the shelterwood. Values 
are means± standard error (in parentheses). Means within rows followed by a common 
letter are not significantly different at _e<0.05. 
Harvest Engelmann spruce Subalpine fir 
Unfertilized Fertilized Unfertilized Fertilized 
Shelterwood 1.256 (±0.1 O)a 1.476 (±0.17)a 1.235 (±0.09)a 1.421 (±0.05)b 
(n=16) (n=8) (n=l5) (n=7) 
<2m 0.908 (±O.!S)b 1.309 (±0.11 )a 1.022 (±0.03)b 1.479 (±0.12)a 
(n=5) (n=5) (n=4) (n=5) 
>2m and <5 m 1.298 (±0.17)a 1.390 (±0.18)a 1.501 (±0.39)a 1.494 (±0.24)a 
(n=6) (n=5) (n=4) (n=5) 
Patch cut 1.206 ( ±0 .16)a 1.342 (±0.1 O)a 1.487 (±0.04)b 1.662 (±0.09)a 
(n=9) (n=4) (n=10) (n=9) 
Clear-cut 1.291 (±0.11 )a 1.565 (±0.05)a 1.421 (±0.08)a 1.566 (±0.09)a 
(n=6) {n=6} (n=6) {n=6} 
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Table 7. Summary of site characteristics for the three harvest treatments.· Values are means ± 
standard error (in parentheses), except for N availability indices which are medians, of harvest 
treatment replicates (N=3 for shelterwood and patch cut, N=2 for clearcut). Means within rows 
followed by a common letter are not significantly different at p<O.OS , based on t-tests with a 
Bonferroni correction for alpha (a). Medians of the shelterwood and patch-cut were compared 
with the non-parametric Kolmogorov-Smimov tests. An explanation of acronyms and units are in 
Table 1. 
Site Characteristics 
Soil Moisture-June (%) 
Soil Moisture-July (%) 
GLI 
CI (mm2 m·') 
Mean growing season 
soil temperature at 7 .Scm CO C) 
KCl extractable mineral N 
N03 - -N (f..l.gN g·' dry soil) 
May 
July 
NH/ -N (f..l.gN g·' dry soil) 
May 
July 
Nitrification (11gN g·' dry soil d·') 
May-June 
July-August 
Ammonification (f..l.gN g·' dry soil d-1) 
May-June 
July-August 
DON (11gN g·' dry soil) (July) 
DON production (July-Aug) 
(f..l.gN g·' dry soil d·') 
Shelterwood Patch-cut 
18.83 (±1.75)b 19.69 (±1.58)ab 
21.96 (±1.38)a 22.06 (±0.95)a 
46.82 (±1.61)c 67.43 (±1.52)b 
670.88 (±32.27)a 249.36 (±32.34)b 
7.43 (±0.12)c 8.14 (±0.19)b 
0.28a 0.42a 
0.06a 0.05a 
9.54a 9.75a 
8.38a 8.37a 
0.003a 0.003a 
-0.002a -0.003a 
0.19a 0.19a 
0.21a 0.14a 
32.00a 28 .51a 
0.89a 1.18a 
Clear-cut 
20.19 (±0.47)a 
20.84 (±0.70)a 
96.96 (±0.33)a 
0.00 (O)c 
9.02 (±0.23)a 
0.72* 
0.13* 
13.69* 
5.98* 
0.013* 
0.005* 
0.23* 
0.29* 
34.54a 
0.76a 
* clear-cut values could not be statistically compared to the shelterwoods and patch-cuts due to unequal 
sample sizes. 
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Table 8. Soil temperature at 7.5 em depth for each harvest treatment over the 1998 growing 
season. Data were collected for individual seedlings. Values are means± standard error (in 
parentheses) of harvest treatment replicates (N=3 for shelterwood and patch-cut, N=2 for clear-
cut). Means within columns followed by a common letter are not significantly different at 
<0.05 . 
Harvest Julian Date 
141 146 162 174 201 229 256 
Shelterwood 5.25c 7.02c 7.53c 8.69b 10.20a 9.03b 6.91b 
(±0.17) (±0.13) (±0.11) (±0.09) (±0.07) (±0.06) (±0.07) 
Patch-cut 6.55b 7.72b 8.56b 8.71b 10.78a 9.62a 7.70a 
(±0.13) (±0.10) (±0.09) (±0.11) (±0.49) (±0.09) (±0.06) 
Clear-cut 7.02a 8.69a 9.53a 10.20a ND 1 10.80a 7.89a 
(±0.09) {±0.11) (±0.12) (±0.10) (±0.07) (±0.09) 
1 forest fire precluded further collection of temperature data for Julian Day 20 I in the clear cut. 
Table 9. Median values of pools ofKCl extractable N03·-N, NH/-N, and water extractable DON 
(dissolved organic nitrogen) with distance from block edge for both measurement (incubation) 
2eriods and harvest treatment re2licates (N=3 for shelterwood and 2atch-cut, N=2 clear-cut2. 
Harvest Nitrogen Incubation Distance (m) 
source period -8 0 8 16 24 
Shelterwood N03--N May 0.18 0.24 0.41 0.32 0.34 
July 0.09 0.07 0.08 0.07 0.04 
NH4+-N May 2.66 2.73 3.51 2.49 2.63 
July 10.55 16.56 9.78 6.9 4.21 
DON July 110.21 114.51 26.18 17.79 19.19 
Patch-cut N03--N May 0.36 0.32 0.55 0.56 ND 
July 0.03 0.03 0.05 0.19 ND 
NH4+-N May 2.76 2.33 3.24 3.7 ND 
July 8.09 6.46 8.87 11.92 ND 
DON July 24.64 30.53 35.29 24.54 ND 
Clear-cut N03--N May ND 0.72 1.43 0.59 0.37 
July ND 0.35 0.23 0.11 0.06 
NH4+-N May ND 2.82 8.64 4.49 3.62 
July ND 6.27 6.6 6.09 1.72 
DON July ND 15.18 184.71 57.51 18.22 
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Table 10. Pearson product moment correlations among site variables and diameter of Engelmann 
spruce (N=260) and subalpine fir seedlings (N=252). Data for site variables are for individual 
seedlings with all harvest treatments and species pooled, N=512. 
Mean soil GLI Soil moisture Soil moisture CI 
temperature June July 
Mean soil temperature 1.00 
GLI 0.54*** 1.00 
Soil moisture- June 0.003 0.07 1.00 
Soil moisture- July -0.003 -0.01 0.32*** 1.00 
CI -0.44 -0.77*** -0.12* -0.10* 1.00 
Engelmann spruce-diameter 0.58*** 0.68*** 0.17* 0.06 -0.67*** 
Subalpine fir-diameter 0.47*** 0.63*** 0.06 -0.05 -0.65*** 
* p<0.05, ***p<0.0001 
Table 11. Results from OLS regression of site variables on the natural log transformed basal 
diameter of Engelmann spruce and subalpine fir. Definitions for acronyms are: Beta, 
standardized beta weights from the regression equation, Sr2, squared semi-partial correlations, F, 
F-ratio, MS, Means Square, R2, squared multiple correlation coefficient, Adjusted R2, adjustment 
made for expected inflation in the correlation R. Engelmann spruce N=260, subalpine fir N=252. 
Species Model Beta Sr2 F MS Intercept R2 Adjusted 
variables R2 
Engelmann GLI 0.517* 0.20 124.19 10.94 0.587 0.550* 0.546 
spruce 
Soil temperature 0.336* 0.09 
Subalpine fir GLI 0.518* 0.18 86.02 4.35 1.669 0.423* 0.418 
Soil temperature 0.194* 0.02 
CI -0.533* -0.29 104.09 4.901 2.156 0.459* 0.455 
Soil temperature 0.247* 0.08 
* p<0.0001 
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Table 12. Analyses ofvariance to test for the effects of species, date, 
and proximity to tree bole on A-maxmass (11mol C02 g·' s·'). All 
locations are pooled for the first ANOV A and all dates are pooled for 
second ANOVA, N=188 for both tests and includes Julian dates 189, 
233 , and 258. 
Treatment MS Df F p 
Species 760.782 8.468 0.004 
Date 70.647 2 0.786 0.457 
Species x Date 142.706 2 1.588 0.207 
Species 677.476 I 9.262 0.003 
Location 1015.389 3 13 .882 <0.0001 
Species x Location 147.210 3 2.013 0.114 
Table 13 . Mean light-saturated rates of photosynthesis (A-maxmass) (YJmol C02 g·' s·') for 
Engelmann spruce and subalpine fir over the growing season. Values are means ofN=4 
individuals± standard error (in parentheses). Means within columns followed by a common 
letter are not significantly different at p<0.05 . 
Species Location 
Engelmann Clear-cut 
spruce 
Open, patch-cut 
(> 10 m to tree) 
Edge 
(<5 m to tree) 
Tree bole 
(<2m to tree) 
Subalpine Clear-cut 
fir 
Open, patch-cut 
(> l 0 m to tree) 
Edge 
(<5 m to tree) 
Tree bole 
(<2m to tree) 
Julian Date 
162 189 217 (drought) 233 258 
31.6 (±4.8)a 36.7 (±2.8)a 19.2 (±0.6)a 34.4 (±1.4)b 42.0 (±5.0)a 
24.6 (±3 .7)b 32.4 (±2.4)a 27.8 (±4.6)a 48.9 (±3 .1)a 48 .8 (±1.4)a 
ND 35.4 (±3.5)a ND 31.4 (±3.5)b 20.2 (±5.8)b 
30.6 (±2.8)a 36.5 (±3.5)a 18.5 (±2.6)a 38.5 (±2.9)b 28.6 (±4.0)b 
38.7 (±1.8)a 38.0 (±1.2)a 19.2 (±2.1)b 33.4 (±2.6)a 37.0 (±2 .5)a 
45 .8 (±3.6)a 40.5 (±1.4)a 33 .8 (±2.3)a 36.7 (±1.7)a 37.8 (±3 .6)a 
ND 23.9 (±2.0)b 14.5 (±1.1)b 27.7 (±1.9)a 24.6 (±1.5)a 
25.1 (±1.9)b 35.5 (±2.1)a ND 29.0 (±2.4)a 38.3 (±4.2)a 
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Table 14. A-maxmass (YJmol C02 g-
1 s-1) for Engelmann spruce and subalpine 
fir for three dates that we had complete data for in the four measurement 
locations (Julian dates 189, 233 , 258). N=24 for each mean except for 
Engelmann spruce edge seedlings where N=20. Means within columns 
followed by a common letter are not significantly different at p<0.05. Means 
within rows followed by the same number are not significantly different at 
<0.05 . 
Location Engelmann spruce Subalpine fir 
Clear-cut 37.68 (±2.01)ab1 36.11 (±1.28)a1 
Patch-cut (> 10 m to tree) 43 .37 (±2 .10)a1 38.33 (±1.29)a1 
Edge ( <5 m to tree) 29.03 (±2.07)b1 25.45 (±1.08)b2 
Tree bole ( <2 m to tree) 34.57 (±2.13)b 1 34.24 (±1.86)a1 
Table 15. Total dry plant mass (mg) for 3 harvest dates and 3 root 
temperatures. Values represent mean measurements ± standard 
error (in earentheses2 N=8. 
Species Temp Harvest Date (days) 
(OC) 45 66 93 
Engelmann spruce 5 16 (±1) 34 (±3) 39 (±3) 
850m 10 20 (±2) 33 (±3) 45 (±5) 
15 23 (±3) 54 (±4) 153 (±17) 
Engelmann spruce 5 19 (±1) 31 (±3) 36 (±3) 
BOOm 10 21 (±1) 40 (±3) 55 (±8) 
15 22 (±2) 58 (±5) 114 (±16) 
Subalpine fir 5 35 (±3) 49 (±5) 54 (±4) 
1100 m 10 31 (±3) 47 (±5) 57 (±7) 
15 33 (±2) 45 (±4) 49 (±6) 
Table 16. Pearson product moment correlations among morphological 
parameters, photosynthetic rates, and RGR for all species and 
temperatures combined. Correlations with LMR, RMR, and SMR include 
data for all harvest periods, correlations with A-maxmass include data for 
final two harvest periods only. For abbreviations refer to Table 1. 
LMR RMR SMR A-maxmass A-maxmass x LMR 
RGR 0.88 -0.84 -0.74 0.64 0.78 
*all correlations are significant at p<O.OOI 
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Fig. 1. Actual versus predicted natural log diameter values (mm) from multiple regression of GLI 
and mean growing season soil temperature on basal diameter for Engelmann spruce. Triangles 
(..6) are for shelterwood, circles (0) are for patch-cut and squares (0 ) are for the clear-cut. 
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Fig. 2. Actual versus predicted natural log diameter values (mm) from multiple regression ofGLI 
and mean growing season soil temperature on basal diameter for subalpine fir. Triangles (.6) are 
for shelterwood seedlings, circles (0) are for patch-cut seedlings, and squares (0 ) are for the 
clear-cut seedlings. 
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Fig. 3. LMR (leaf mass ratio), SMR (stem mass ratio), and RMR (root mass ratio) for both 
species and genetic treatments, at three root temperatures (5,10,15°C), and three harvest periods. 
Bars represent means ofN=8 individuals. 
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Fig. 4. Mean relative growth rate (RGR) (mg g·' d- 1) at three root temperatures and three harvest 
intervals. Bars represent means ofN=8 individuals. 
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Fig. 5. Light-saturated photosynthesis on needle mass (A-maxmass) (11mol C02 g·1 s- 1) and whole 
plant mass (A-maxmass) (11mol C02 g whole planf
1 s·1) bases. Each value represents a mean of 
N=3 individuals± standard error. Squares (D) are for Engelmann spruce 850 m, circles (0) are 
for Engelmann spruce 1300 m, and triangles (L"'.) are for subalpine fir 1100 m. 
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Fig. 6. A-maXmass (YJmol C02 g·1 s·1) and A-maxmass x LMR (YJmol C02 g whole planf1 s·1) versus 
RGR for all three root temperatures and harvest intervals, 66 and 93 days combined. Values 
represent means ofN=8 individuals for RGR and N=3 individuals for photosynthesis. Squares 
(0) are for Engelmann spruce 850 m, circles (0) are for Engelmann spruce 1300 m, and 
triangles ( 6) are for subalpine fir 1100 m. 
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Appendix I. Plot layout of Lucille Mountain Silvicultural Trial showing the three harvest 
treatments, a) 32 ha clear-cut, b) 15 ha irregular shelterwoods, and c) 0.2 ha patch-cut openings. 
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Appendix 2. Layout of assessment plots and sampling procedure for the selection and fertilization of 
seedlings at the Lucille Mountain Silvicultural Trial. 
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Appendix 3. Photographs of circulating water-baths for greenhouse experiment, a) side view, and 
b) top view showing shade frames, heating and cooling units, and arrangement of pots 
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Appendix 4. Greenhouse seedlings of (a) subalpine fir and (b) Engelmann spruce at 93 days from 
onset of the treatment temperatures. Seedlings of both species on far left were grown at 5°C, 
middle at 1 0°C, and far right at l5°C root temperature. 
78 
Appendix 5. Engelmann spruce seedling (eight years old) excavated from the clear-cut(> 100m 
to mature trees), showing large root system. 
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Appendix 6. Excavated seedlings of subalpine ftr (nine years old) from the shelterwood, seedling 
on the left was 5 m from a mature tree and seedling on the right was <2 m to mature tree. 
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